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ABSTRACT 
The accuracy of transpiration simulation by current land surface models has been limited by 
several uncertainties, including the representation of canopy-scale heterogeneities of the land 
surface and sensitivity of transpiration to root-zone soil water content in dry conditions. This 
work focuses on effects of representing fine-scale (~m) spatially varying soil moisture, 
vegetation characteristics, radiation environment, as well as three-dimensional root water uptake 
processes on larger-scale energy fluxes at the plot- (~102 m2) and watershed-scales (~km2). 
The study location is a northern temperate mixed forest with spatially heterogeneous canopy, 
where intermediate disturbance experiment removed canopy of aspen and birch trees. An initial 
analysis of empirical data on temporal dynamics of soil water content under the canopies with 
varying degrees of disturbance demonstrates that crown-scale canopy heterogeneity leads to 
detectable differences in soil water status, attributed predominantly to a decreased root water 
uptake in areas of thinner canopy. In order to infer larger-scale implications of crown-scale 
variations in canopy biomass and soil moisture conditions, an ecohydrologic model tRIBS + 
VEGGIE, the TIN (Triangulated Irregular Networks) based Real-time Integrated Basin 
Simulator + VEGetation Generator for Interactive Evolution, is used as an integrating tool. It 
explicitly resolves spatially varying canopy biomass, radiative forcing, and soil moisture. 
Numerical experimentation shows that root-canopy controls of water uptake exhibit two 
opposing effects on soil moisture spatial variability: during and shorty after precipitation events 
they drive increased soil moisture heterogeneity but act to homogenize soil moisture during later 
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stages of dry-down periods. Further, variations in canopy light environments introduce 
non-linear effects into large-scale response of transpiration to soil moisture conditions: they 
result in smaller spatially aggregated transpiration and lower water stress as compared to 
traditional representations that lump canopy properties. 
To alleviate the constraints of commonly used heuristic one-dimensional approach for root 
water uptake in moisture-limited conditions, a novel formulation based on hydraulic 
representation of three-dimensional uptake process is designed. When mimicking soil drought at 
the scale of a single root system, the formulation demonstrates plants’ ability to compensate the 
suppressed root water uptake in water-stressed regions by increasing uptake density in moister 
regions. Pilot, exploratory experimentation at the plot-scale demonstrates that transpiration and 
timing of water stress onset are sensitive to different representations of lateral spread. The 
simulation scenarios with a higher degree of root overlapping tend to exhibit smaller spatial 
heterogeneity of soil moisture and a later onset of plot-scale water stress. It is argued that 
detailed, hydraulics-based modeling of small-scale root water uptake can be used to guide 
improvements in the representation of drought effects in land-surface models. 
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Chapter 1 : Introduction and scope of the study 
1.1 Background and motivation 
1.1.1 Modeling resolution and fine-scale spatial heterogeneities 
Current land surface models were developed as components of coupled land-atmosphere 
models to provide a partition of radiation and lower boundary conditions to atmosphere modules. 
For example, the NOAH-Oregon State University Land Surface Model (NOAH-OSU) (Ek et al., 
2003) and the Simplified Simple Biosphere Model (SSiB) (Goward et al., 2002; Xue et al., 1991) 
were implemented in NCAR’s climate models (e.g., WRF and Eta); the Land 
Ecosystem-Atmosphere Feedback model (LEAF) (Walko et al., 2000) was used as a submodel of 
Regional Atomspheric Modeling System (RAMS) which was further extended to an 
Ocean-Land-Atmosphere Model (OLAM) (Medvigy et al., 2008; Walko and Avissar, 2008). The 
spatial resolution of the land surface in these models is quite coarse and varies over an order of 
magnitude, for example, grid cells are in the order of ~10 km in regional models and ~100 km in 
global applications (Bonan et al., 2002; Chen et al., 2003; Dickinson et al., 2006; Hong et al., 
2009; Winter et al., 2009; Zeng et al., 2002). These models usually group spatial heterogeneity 
within grid cells (e.g., soil moisture and vegetation) using a “big-leaf” or a “mosaic” approach, 
and treat the land surface as an aggregated patch with spatially uniform properties. 
The coarse resolution of grid cells and overly simplified parameterization of the subgrid 
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land surface heterogeneity may lead to inaccurate predictions of larger-scale water and energy 
fluxes due to strong nonlinearity of land surface processes (Atchley and Maxwell, 2011; Avissar 
and Schmidt, 1998; El Maayar and Chen, 2006; Ershadi et al., 2013; Hu et al., 1999; Maxwell et 
al., 2007; Yates et al., 2003). As an example, Sridhar et al. (2003) investigated the impacts of the 
aggregation of spatially varying soil and vegetation properties at three different spatial scales 
(200 m, 2 km, and 20 km) on the simulated domain-scale energy fluxes (e.g., net radiation, latent 
heat, sensible heat, and ground heat flux). Modeling results based on the 20-km spatial resolution 
were shown to be 12% less in latent heat, 22% more in sensible heat, and 44% more in ground 
heat flux than results based on 2-km or 200-m spatial resolutions. 
In particular, the aggregation of spatially varying soil moisture in a coarsely resolved grid 
may obscure the spatial extent of subgrid areas where soil moisture is limiting for plants and thus 
lead to an inaccurate prediction of grid-scale latent heat flux (Ronda et al., 2002; Sellers et al., 
2007). For example, during dry intervals, when averaged soil water content over a large fraction 
of an area approaches the wilting point and transpiration become moisture-limited, wetter 
regions that are not stressed may exist because of vegetation variability, topographic shading, or 
regions of groundwater discharge. Lumping soil moisture over a coarsely resolved grid would 
theoretically lead to an underestimated grid-scale evapotranspiration. Overall, the impact of 
aggregating subgrid soil moisture variability on the predicted coarse-scale energy flux may 
depend on the grid cell size as well as time- and scale-dependent properties of soil moisture 
fields such as the mean and variance (Crow and Wood, 2002). For example, Crow and Wood 
(2002) shows that the impact of aggregating spatial heterogeneity of soil moisture from 
field-scale (~1 km
2
) to regional-scale (~10
3
 km
2
) on the regional-scale energy flux prediction is 
directly proportional to the variance of field-scale soil moisture and inversely proportional to the 
average standard deviation of the point-scale (~1 m
2
) soil moisture variability in the field.  
For a vegetated land surface, the spatial mean and variance of soil moisture can be 
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correlated with the spatial variability of vegetation biomass, as the canopy influences soil water 
content at very fine spatial scales through the processes of interception of precipitation and 
transpiration uptake of moisture. The canopy is characterized by a three-dimensional (3-D) 
structure of spatially varying attributes such as leaf density, leaf area index (LAI), leaf optical 
properties, tree heights and canopy gaps. The effects of spatially distributed LAI or reflective 
properties have been well recognized in studies of land surface models (Li and Avissar, 1994; 
Sellers et al., 1995). The aggregated latent heat simulated by considering sub-grid variable LAI 
could be either larger or smaller than the domain-scale latent heat simulated with spatially 
lumped LAI, depending on different vegetation types (El Maayar and Chen, 2006). The 3-D 
structure of canopies results in complex light regimes leading to different absorption of energy 
even when crowns have the same exposure to light (Chen et al., 2000; Deutschman et al., 1999; 
Knyazikhin et al., 1997; Song et al., 2009; Yang and Friedl, 2003). Further, within each crown, 
the partition of available energy into transpiration and sensible heat flux depends on nonlinear 
responses of leaf stomata and photosynthesis to moisture and light availability (Law et al., 2001; 
Pieruschka et al., 2010). Models that did not consider the spatially heterogeneous radiation 
environment might overestimate latent heat (Knyazikhin et al., 1997; Song et al., 2009). 
Recently, a new generation of satellite missions and techniques is poised to provide 
hydrological data that will be needed for fine-resolution modeling (Clawges et al., 2007; 
Entekhabi et al., 2010; Lefsky et al., 2002; Vereecken et al., 2010). As a result, it has been 
argued that land surface models need to better represent the subgrid heterogeneity in finer spatial 
scales (e.g., finer than 100-1000 m) and adequately address critical water cycle science questions 
(Green et al., 2006; Wood et al., 2011). 
Therefore, one of the main objectives of this PhD research is to explicitly represent 
fine-scale, spatially varying land surface characteristics to explore the degree to which the spatial 
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heterogeneity of vegetation and soil moisture is important for determining the domain-scale 
energy fluxes. 
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1.1.2 Disturbance of canopy structures and impact on temporal dynamics of soil moisture 
As mentioned earlier, canopy structure in particular can profoundly influence soil water 
in a variety of ways, mainly through rainfall interception, moisture uptake during transpiration, 
and heterogeneous radiation environment that affects sub-canopy microclimate and evaporative 
drying of soil (Elliott et al., 1998; James et al., 2003; Leuning et al., 1994; Schrumpf et al., 2011; 
Vertessy et al., 2001).  
Changes to canopy structure due to large-scale clearings or intermediate to small-scale 
disturbance events may lead to changes in statistical moments of soil moisture, such as the mean 
and the variance. Previous studies have shown that relatively large-scale clearings (at a scale 
larger than the size of a single tree crown) lead to a higher level of soil water content due to 
reduced interception and transpiration rates (Bruijnzeel, 2004; Schrumpf et al., 2011). 
Conversely, increased radiation levels due to sparser canopy may enhance soil evaporation and 
promote fast growth of secondary or understory vegetation, both of which can accelerate the 
depletion of soil moisture (Bhatti et al., 2000; Denslow et al., 1998; Giambelluca, 2002). Similar 
effects can be expected from changes in crown-scale canopy structure (Bohrer et al 2005), which 
may also be driven by intermediate disturbances. Common intermediate disturbance events 
include anthropogenic processes (e.g., selective logging and forest thinning), natural processes 
(e.g., species shifts due to regional climate change and invasive species, succession and growth), 
and species-specific pest infestations. Increased correlation between localized leaf area at a 
single-tree scale and turbulence can drive changes in surface fluxes that may also contribute to 
changes in soil water content (Bohrer et al., 2009).  
A priori, the net outcome of these small-scale, canopy-structure-change driven processes 
is unclear: soil may become either wetter or drier under the disturbed tree crowns. As such 
intermediate disturbances usually extend over a very large spatial domain; their implications can 
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be far reaching: the changed soil water status can further influence vegetation dynamics, 
groundwater recharge, river flow, and regional climate (Hodnett and Bell, 1986; 
Rodriguez-Iturbe, 2000; Seneviratne et al., 2010). Understanding soil water dynamics under 
canopies undergoing a disturbance process is therefore essential for predicting the long term 
consequences. 
Various models of water dynamics in forested environments require continuous, 
deep-profile soil moisture data for initialization and validation purposes (Bhatti et al., 2000; 
Koster and Suarez, 2003; Vereecken et al., 2008; Wilson et al., 2003). Soil moisture dynamics in 
the root zone are of particular interest in modeling studies of land-atmosphere interactions, as dry 
moisture levels may strongly constrain vegetation transpiration through root water uptake. Soil 
water content in the root zone or deeper layers is usually inferred through model-based or 
empirical extrapolations from information on surface soil moisture (within top 5 cm depth or less) 
provided by remote sensing techniques (Albergel et al., 2008; Bisselink et al., 2011; Calvet and 
Noilhan, 2000; Fernandez-Galvez et al., 2006; Ragab, 1995; Venkatesh et al., 2011). Monitoring 
soil water content at depths within and beyond the root zone is therefore necessary for accurate 
modeling efforts. Despite the need for temporally continuous and deep-profile soil moisture 
datasets, measurements in temperate forests have been mostly carried out either within shallow 
soil horizons (Hirano et al., 2003; Martin and Bolstad, 2005; Matamala and Schlesinger, 2000; 
Schmitt and Glaser, 2011; Schäfer et al., 2002), or at a coarse temporal resolution (Greco and 
Baldocchi, 1996; Wilson and Baldocchi, 2000). Only a few soil moisture datasets exist for 
temperate forests at a half-hourly temporal resolution, representing relatively soil profiles (e.g., 1 
m deep, Drewitt et al., 2002; 0.61 m deep, Savage et al., 2009). 
Consequently, another objective of this PhD research is to understand and evaluate the 
temporal dynamics of the soil water state in a temperate forest after a disturbance event that 
altered canopy structures over an area comparable to a size of tower footprint.   
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1.1.3 Representation of root water uptake process  
The accuracy of transpiration simulated by the current generation of land-surface or 
ecohydrologic models can also be questioned due to the uncertainties in modeling root water 
uptake, and its sensitivity to plant-available water in the root zone (Desborough, 1997; Feddes et 
al., 2001; Lai et al., 2000; Zeng et al., 1998).  
First of all, in majority of existing models, vegetation transpiration demands are distributed 
as sink terms in a one dimensional (1-D) Richards’ soil-water accounting model according to a 
vertical profile of root density (Equation (1.1) and (1.2)) (Dickinson et al., 1993; Foley et al., 
1996; Gerwitz and Page, 1974). As shown in Figure 1.1, the profile is typically an exponentially 
decaying function based on observed fine root biomass distribution in the vertical direction 
(Jackson et al., 1996). Rooting depth is conventionally determined using a 95% threshold of 
cumulative root biomass (Jackson et al., 1996). To describe water-limited situations, a heuristic 
“Feddes-type” water stress function is commonly used (Feddes et al., 1976). As shown in 
Equation (1.2) and Figure 1.2, actual transpiration is constrained by a moisture availability factor 
β, which is computed as the moisture availability factors at soil layers weighted by the profile of 
root density (Equation (1.3)and (1.4)) (Ivanov et al., 2008a; Oleson et al., 2004b):  
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where iSM  is the estimated soil moisture at the thi  soil layer in a computational element; 
iH  is the soil water potential; iSink  is the sink term at the thi  soil layer; iactualT ,  is the actual 
transpiration or root water uptake at the thi  soil layer; potentialT  is the potential transpiration of  
vegetation; dr  is the fractional root biomass at each node with a depth of d  [cm] in the 
subsurface mesh; rootD  is the root zone depth; iSM  is the estimated soil moisture at the thi  
node; wSM  [
33 mm ] is the wilting point; *SM  [ 33 mm ] is the threshold soil moisture for 
stomatal closure; soilT  is the estimated averaged soil temperature in root zone. The values of 
wSM  and 
*SM  are provided in Table 1.    
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Figure 1.1. The measured fine root biomass at the University of Michigan Biological Station, the 
median values at each depth, and the fitted exponential lines relating biomass and depth for the 
AmeriFlux (He et al., 2013): (            3                    ) and the FASET: 
(            3                    ) footprints, where z is in [m].  
 
 
 
Figure 1.2. The “Feddes-type” water stress function (Feddes et al., 2001): when the soil moisture 
equals to   𝑤 (or wSM , the wilting point) or  𝑠 (or sSM , the saturation point), the β is set to 
zero due to wilting point and oxygen deficit; between    (or *SM , the water stress critical 
point) and  oxg (an oxygen critical point) water uptake is maximal (i.e., 1.0). If β<1, the plant 
root is water-stressed, and transpiration rate is decreased according to β.  
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This 1-D approach with the “Feddes-type” parameterization simplifies the actual physical 
process of three-dimensional root water uptake that takes place at various spatial and temporal 
scales. At the spatial scale of individual root and a temporal scale of minutes, the water flux is 
determined by the hydraulic gradient between soil and root xylem and hydraulic properties of the 
corresponding continuum. At the plant scale and a temporal scale of hours, xylem conductivity 
may exert a controlling effect on the flow rate at the root collar. At the ecosystem scale and a 
temporal scale of months or years, individual plants can compete for moisture in overlapping 
root zones, exerting a particular set of effects on soil moisture variability. These processes are 
interrelated through 3-D architecture of root systems and their spatio-temporal function (Doussan 
et al., 1999; Jackson et al., 2000a). 
Detailed research on the 3-D root water uptake show that soil water fluxes “streamline” to 
roots and they are not purely horizontal or vertical (Figure 1.3), illustrating small scale 
adjustments of soil moisture field to hydraulic gradients due to transpirational pull that would not 
be captured by one-/two-dimensional approaches (Bruckler et al., 2004; Javaux et al., 2008). 
Modeling studies demonstrate that if the dimensions of root water uptake were reduced from 
three- to two- or one- dimensions, the spatial variation of flux density below the rooting zone 
would decrease, nonlinearly influencing drainage and streamflow (Vrugt et al., 2001a). In order 
to investigate the role of vegetation on soil moisture spatial variability, root water uptake should 
be represented in a three-dimensional soil water transfer model, which makes it possible to 
capture local-scale gradients developing around roots in different conditions of water availability 
(Doussan et al., 2006).  
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Figure 1.3. A simulated spatial distribution of (a) water potential within a root system and (b) soil 
water potential in a soil domain contains the root system. The white lines indicate the “streamline” 
of soil water flow into the root system (Javaux et al. 2008).  
 
 
Furthermore, plants have been observed to change their root water uptake zones adaptively 
to meet transpiration demand even when some parts of roots are water stressed. They have the 
capacity to “compensate” the decreased root water uptake in water-stressed regions by increasing 
water uptake in moister regions (Garrigues et al., 2006; Guswa, 2005; Lai et al., 2000; Mahfouf 
et al., 1996; Sharp and Davies, 1985). As the “Feddes-type” water stress approach cannot capture 
physical processes involving the spatially-distributed and temporally-varying water fluxes from 
soil to structurally organized root systems (Adar et al., 1995; Draye et al., 2010; Jackson et al., 
2000b; Plamboeck et al., 1999), it has been shown to lead to simulations where the soil control 
on transpiration sets in too early (Feddes et al., 2001).   
Moreover, vegetation next to each other may compete for resources through overlapping 
root zones (Biondini, 2001; Caylor et al., 2006; Chakraborty and Li, 2009; Manoli et al., 2014). 
These complex processes may introduce spatially heterogeneous soil moisture and be extremely 
(a) (b) 
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important in an accurate prediction of energy fluxes on land surface. The current land surface 
schemes might have different spatial resolution (from a few meter to a few kilometers), but the 
overlapped root zone are usually not considered. A conceptual sketch comparing the root zone 
representation in the traditional scheme and a scheme with overlapped root zone is shown in 
Figure 1.4. 
 
 
Figure 1.4. A conceptual sketch of root zone representations in: (a) commonly used 
one-dimensional approach that confines the root water uptake zones of trees within the 
dimension of the grid cell where the stem locates; (b) a three-dimensional approach that 
considers root water uptake zones that proportional to tree size and also the overlapped root 
zones.  
 
The last objective of this PhD study, is to examine the hydrological significance of 
representing the 3-D microscopic root water uptake in a larger-scale application, and to explain 
the difference in domain-scale energy fluxes (if any) from this approach and that from the 
traditional 1-D “Feddes-type” approach. 
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1.2 Scope of doctoral research 
1.2.1 Goals  
In summary, the main goals of this doctoral research are to:  
 Resolve fine-scale spatial heterogeneities associated with the vegetation transpiration and 
root water uptake process in land surface or ecohydrologic models, specifically the canopy 
biomass, radiative environment, soil moisture, and 3-D root architectures.   
 Contribute to a better understanding of the nonlinear coupling modes between fine-scale soil 
moisture, canopy biomass or structure, and root water uptake processes, and their effects on 
the large-scale energy fluxes. 
1.2.2 Dissertation outline  
Chapter 2 examines the temporal dynamics of soil water content in a temperate forest 
located near the University of Michigan Biological Station. This forest consists of tree plots with 
canopy structures of varying degrees of heterogeneity that were induced by the species-specific, 
crown-scale disturbance of the canopy structure. To provide observational evidence of changes 
in hydrological dynamics, measurements of soil moisture were collected at four plots within the 
study site. Two of the plots represent undisturbed control sites; two other plots are located in the 
area with disturbed canopy crowns. The differences among these plots were explained through 
quantitative examination of physical processes, such as interception, evapotranspiration, and root 
water uptake. The analysis presented in the chapter gives insights on the impacts of crown-scale 
canopy structure on soil moisture in this temperate forest, and also provided a dataset for the 
following modeling efforts in Chapter 3 and Chapter 4. 
Chapter 3 addresses the explicit representation of crown-scale spatially varying canopy 
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biomass, soil moisture, and radiative forcing in an ecohydrologic model tRIBS + VEGGIE. It 
examines how the simulated land surface dynamics can be affected when crown-scale variations 
are explicitly accounted for. Several simulation cases involving tree-scale variations in initial soil 
moisture, leaf area, and radiative forcing were designed. A lumped case representing the 
commonly used spatially-lumped representation was also simulated to infer the effects of 
coarse-scale aggregation. This chapter demonstrates the coupling mode between spatial canopy 
and soil moisture variations is sensitive to the wetness conditions. However, as the root water 
uptake processes in this chapter are still parameterized with the one-dimensional “Feddess-type” 
approach, it generates unreal water-constrained transpiration as compared to the empirical 
observation at the study site. This discrepancy between the numerical results and the observation 
has served as a motivation to further improve the modeled dynamics by representing the 3-D 
microscopic root water uptake (Chapter 4).   
Chapter 4 investigates the effects of a hydraulic formulation of upscaling 3-D fine-scale 
root water uptake processes on plot-scale (~ 10
2
 m
2
) energy fluxes. A microscopic root water 
uptake approach based on the “Couvreur” approach is incorporated into a 3-D Richard’s equation 
solver PFLOTRAN. This chapter demonstrates the plant’s capability to meet potential 
transpiration even if the shallow soil layers are dry by decreasing/increasing the fractional root 
water uptake at shallower/deeper layers. It attributes the differences of the plot-scale 
transpiration from the 3-D approach from that based on the traditional 1-D approach (e.g., the 
“Feddes-type” or soil water bucket concept). This chapter examines and explains the sensitivity 
of plot-scale water stress and spatial heterogeneity of soil moisture to different representations of 
3-D root architectures and hydraulic strategy of trees (e.g., lateral spread, rooting depth, and 
hydraulic conductivity in root systems).  
Chapter 5 summarizes key findings, discusses effects of assumptions, and proposes 
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directions for future research.  
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Chapter 2 : Temporal dynamics of soil moisture after crown-scale intermediate disturbance 
of canopy 
2.1 Introduction 
In forested environments, canopy structure can profoundly influence soil water in a 
variety of ways, mainly through rainfall interception, moisture uptake for transpiration, and 
heterogeneous radiation environment that affects sub-canopy microclimate and evaporative 
drying of soil (Section 1.1.2). Widespread mortality of tree species (e.g., aspen and birch) is 
anticipated in the coming decades for temperate forests in the upper Great Lakes Region (Cole et 
al., 2002; Schier and Smith, 1979; Snetsinger and Ventura, 1990). This successional change may 
lead to significant, large-scale transient changes of tree-scale canopy structure. To simulate the 
anticipated large-scale succession process in the Upper Great Lakes area, an intermediate 
disturbance was prescribed at an experimental site at a northern temperate mixed forest near the 
University of Michigan Biological Station (UMBS) in year 2008 (Forest Accelerated Succession 
Experiment, FASET). Stems of all canopy-dominant, early successional aspen and birch trees 
near a flux tower were girdled. As a result of girdling, the treated canopy became patchy and 
more open as aspen and birch senesced, the gap fraction of canopy increased from year 2009 to 
2011 (Hardiman et al., 2013). The resulting transient modes of spatially heterogeneous canopy 
may lead to changes in statistical moments (e.g., variance and co-variance) of spatially 
distributed transpiration and soil moisture. The effects of such changes on a larger-scale 
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hydrological cycle are currently poorly understood or projected.  
The main objectives of this chapter are: (1) to understand and evaluate the change in 
magnitude and temporal dynamics of soil water under forest canopy undergoing a prescribed 
intermediate disturbance that simulates an accelerated succession process, as compared to an 
undisturbed canopy; (2) to explain the differences (if any) in soil water content and dynamics as 
influenced by the canopy change through a quantitative examination of physical processes, such 
as interception and evapotranspiration; and (3) to examine soil water dynamics at depths, and to 
describe a deep-profile soil moisture dataset available for modeling studies in a temperate forest.  
2.2 Methods 
2.2.1 Details of the studied forest  
The studied temperate forest is located near the UMBS (Figure 2.1a, b) in Northern 
Michigan, U.S.A. (45.56° N, 84.71° W). This location is characterized by a northern hardwood 
forest, which represents a transitional zone between mid-latitude hardwood and boreal forests. 
The area is a gently sloping outwash plain at an elevation of ~300 m that varies over a range of 
~20 m (Pressley et al., 2005). Soil texture is dominated by well-drained spodosols and contains 
92% sand, 7% silt, and 1% clay. The soils tend to exhibit an ortstein layer at 50 cm, which is a 
cemented layer by amorphous metal and organic materials (Hall, 1986). Well drilling records for 
a location in the immediate vicinity of the AmeriFlux tower (~50 m distance) show that the water 
table depth is around 20 m (Tony Sutterley, personal communication, 2012/10). The mean annual 
rainfall is 817 mm, the average annual temperature is 5.5 °C, and the annual temperature cycle 
exhibits well-pronounced seasonality (Curtis et al., 2005).  
Currently, the forest is dominated by aspen (Populus grandidentata) and birch (Betula 
paprifera), with understory of pine (Pinus strobes, Pinus resinous), red oak (Quercus rubra), and 
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maple (Acer rubrum, Acer sacchrum) (Bovard et al., 2005). Around the study location, aspen and 
oak contribute 69% of the above-ground biomass, and canopy reaches peak LAI of ~4.0 during 
summer periods (Curtis et al., 2005). The understory fern (P. Aquilinum) contributes an 
additional LAI of ~0.5 and shows similar phenological timing relative to the canopy-dominant 
tree species (Curtis et al., 2005). The thickness of surface leaf litter layer varies with moisture 
conditions. Generally, it is between a few millimeters to one centimeter, and could reach around 
two centimeters during extremely dry periods. The species composition at the UMBS forest is 
typical of nearly half of the forested area in the Upper Great Lakes region (Cleland et al., 2001; 
Frelich and Reich, 1995; Schier and Smith, 1979). As the UMBS forest was heavily logged in the 
late 19th century and further disturbed by fire until the early and mid 20th century, the individual 
overstory stands are 30 to 90 years old with an average age of 85 years (Gough et al., 2007b). 
This average age is older than that of other aspen-dominated, early successional forest stands in 
the upper Great Lakes region, where aspens are ~50 years old and in early-successional stages 
(USDA Forest Service, 2001). The UMBS area, therefore, provides an ideal setting for studying 
emerging ecosystem properties before the occurrence of widespread aspen mortality anticipated 
in the coming decades for the Great Lakes Region as part of the natural succession process from 
early to mid-successional stages (Sakai et al., 1985; Wright, 1964). 
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Figure 2.1. The locations of (a) the UMBS (the University of Michigan Biological Station); (b) 
the AmeriFlux and the FASET towers (filled circles), the AmeriFlux and the FASET sites 
(dashed circles), the forest area with girdled aspens (black dotted area), and the AmeriFlux and 
FASET 0.25 Ha areas (red boxes); and (c) the locations of soil plots inside the 0.25 Ha areas, 
where permanent soil moisture instruments over the 5-300 cm depth were deployed (AAP, AOP, 
FAP, and FOP), and six transects for the spatial soil moisture measurements (gray lines, 
including the top and the bottom transect lines that coincide with the red box outline).  
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2.2.2 AmeriFlux and FASET eddy-covariance sites 
There are two flux towers near the UMBS. The UMBS AmeriFlux tower (AmeriFlux code: 
US-UMB) has been monitoring the meteorological conditions and net ecosystem CO2 exchange 
since 1998 (Gough et al., 2007b; Gough et al., 2008; Schmid et al., 2000). The forest area within 
a radial distance of ~800 m from the AmeriFlux tower is hereafter referred to as the “AmeriFlux 
site”. 
The FASET eddy-flux tower (AmeriFlux code: US-UMd) was deployed in May of 2007. 
To accelerate the ongoing large-scale ecological succession experimentally, stems of all birch 
and aspen trees over 35 Ha around the FASET tower were girdled during Spring of 2008 (Nave 
et al., 2011). The girdling procedure affected ~7,000 trees. The girdling operation slowly kills 
trees, while preventing them from sprouting new shoots. From 2008 through 2009, the LAI 
reduction of girdled trees due to the loss of leaves was 29%. Later successional species however 
proliferated and, as a result, the total canopy LAI of species over the 35 Ha area is unchanged 
(Nave et al., 2011). Canopy of the girdled area is nonetheless patchier and exhibits a structure 
that has higher rugosity, i.e., it is more heterogeneous both vertically and horizontally (Hardiman 
et al., 2011), as compared to the control AmeriFlux site. The forest area within a radial distance 
of ~500 m from the FASET tower is hereafter referred to as the “FASET site”.  
Fine root biomass measurements were conducted in the AmeriFlux and FASET sites 
before 2006 (i.e., a pre-treatment period; the data are available at the UMBS ftp site: 
ftp://198.108.200.52). On average, 95% of the fine root biomass is concentrated within the top 
80 cm of the soil column. This soil region is therefore defined here as the “root zone”. The fine 
root biomass decays exponentially with depth (Figure 1.1). The fine root biomass of girdled trees 
is expected to decrease significantly within two years of the girdling operation (Edwards and 
Rosstodd, 1979). 
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2.2.3 Soil moisture measurements 
Since April 2009, this study initiated continuous soil moisture and temperature 
measurements in four soil plots. Each site (AmeriFlux or FASET) contains two soil plots ~20 m 
apart under either aspen- or oak-dominated canopies. These plots are code named as FOP and 
FAP for FASET-oak plot and FASET-aspen plot, and AOP and AAP for AmeriFlux-oak plot and 
AmeriFlux-aspen plot (Figure 2.1c). Oak trees in both sites were not treated and therefore serve 
as the control species. The FAP plot exhibited the smallest LAI among the four plots because the 
girdled aspen dominates its canopy cover. 
In each of the plots, a soil pit with a dimension of 1.5 m × 1.5 m × 3.0 m was dug in April 
2009. Soil moisture/temperature probes (Hydra probe SDI-12, Stevens Water Monitoring 
Systems, Inc., Portland, U.S.A.) were permanently deployed at the depths of 5, 15, 30, 60, 100, 
200, and 300 cm to monitor water content and temperature. Measurements were carried out at 
10-min resolution. Three successive values were averaged and recorded; the produced soil 
moisture dataset therefore has a 30-min temporal resolution. For the first four depths, sensors 
were replicated on the opposite wall (~1.5 m apart) of each soil pit. After the sensor installation, 
soil pits were filled back with the original soil material, compacted to the nearly original bulk 
density, and re-covered with the leaf litter that was removed before digging of the pits. 
Additionally, spatial soil moisture measurements were conducted in two 50 m x 50 m 
(0.25 Ha) areas (one in each site) at approximately monthly intervals during the 2010 and 2011 
growing seasons (Section 2.2.5). These areas are referred to as the “AmeriFlux 0.25 Ha area” and 
the “FASET 0.25 Ha area” and contained the oak- and aspen-dominated plots in each site (Figure 
2.1b, c). The spatial soil moisture data were collected in each 0.25 Ha area at 2-m intervals along 
six marked transects, using a “MiniTrase” system (Soil Moisture Equipment Corp., Santa 
Barbara, U.S.A.) with 40-cm long waveguides. The MiniTrase system was calibrated using 
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procedures described by Stangl et al. (2009) (Appendix 6.1, Error! Reference source not 
found.), gravimetric samples were collected to validate this calibration. 
 
  
Figure 2.2. The setup of measurements at UMBS: the measurement of (a) soil moisture at 
multiple depths, and (b) under-canopy precipitation.  
 
2.2.4 Soil moisture data preprocessing 
Over a certain time period after the sensor deployment, the monitored soil system may 
not be representative of the actual field moisture conditions because of the persisting effect of 
disturbance caused by the sensor installation. The termination of such a period is difficult to 
assess without relevant reference data. Qualitatively, it can be associated with a large flux of 
water through the disturbed soil column that would “re-set” the system and contribute to 
compacting the soil to its original bulk density. In this study, the soil system was assumed to 
resume its natural state after a significant precipitation event of ~67 mm on August 15, 2009; the 
infiltrated volume of this rainfall was so large that water percolated through the entire 300 cm 
column within a few days. Data preceding this rain event were excluded from the following 
analyses. 
During some of the dry interstorm periods, the soil moisture sensors (Hydra sensors) 
(a) (b) 
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recorded values only slightly larger than zero (~0.001[m
3
 m
-3
]). Since, theoretically, soil moisture 
cannot drop below the residual soil water content during the natural drying process, data 
obtained with these sensors were assumed to contain a systematic error. The value of the error 
was estimated through a “cross-calibration” procedure. The spatial mean moisture contents over 
the 0-40 cm depth range obtained during periodical spatial observations (Section 2.2.3) were 
used for the cross-calibration; they were compared with the averaged soil moisture over the same 
depth range derived from the pit measurements. Corresponding to each sampling date of the 
spatial measurements, 0-40 cm soil moisture profile in soil plots was derived through a linear 
interpolation of daily-averaged moisture contents observed at 5, 10, 30, and 60 cm depths with 
the Hydra sensors (the top 5 cm layer was assumed to have vertically uniform water content). 
The profiles were integrated over the 0-40 cm depth range and values at the AOP and AAP plots 
or the FOP and FAP plots were averaged and subsequently compared to the spatial mean of soil 
moisture obtained with the MiniTrase sensor over the corresponding 0.25 Ha areas (in the 
AmeriFlux or FASET sites). The values inferred from the plot profiles are smaller than the mean 
values from spatial measurements with the differences spanning a range of 0.02 to 0.05 [m
3
 m
-3
] 
(Figure 2.3). The median value of 0.03 [m
3
 m
-3
] was estimated as the systematic error. All soil 
moisture data recorded with the Hydra sensors were subsequently corrected by adding this 
estimate of systematic bias. 
In order to eliminate sensor noise caused by a random error (± 0.001 [m
3
 m
-3
]), the 
half-hourly soil moisture data were processed with a moving averaging window. The size of the 
moving averaging window is 10 hours, with 5-hour lead and lag periods. This 10-hour size was 
determined experimentally, a smaller size (e.g., 8 hours) was not able to smooth out all the 
“spikes” in the time series that caused by random errors. Since data for all plots went through the 
same procedure and this study mainly focuses on time- and depth-integrated metrics, the 
averaging procedure cannot appreciably affect the results of comparison among plots/sites. 
24 
 
Furthermore, replicated soil moisture observations at each depth of the top four locations were 
averaged. Infrequent spurious readings and data from periodically malfunctioned sensors were 
excluded from the analysis. 
 
 
 
Figure 2.3. A comparison between the spatial mean soil moisture measured over the depth range 
of 0-40 cm along six sampling transects in the 0.25 Ha areas (“Spatial Mean SM”, y-axis), and 
the derived 0-40 cm soil moisture inferred from the data from the four 5-300 cm soil columns for 
the same sampling dates corresponding (“Point-scale SM”, x-axis). Observations during the 2010 
and 2011 growing seasons were used. The error bars represent the spatial standard deviations of 
each daily set of measurements at each 0.25 Ha area. The black dashed lines connect the data 
points that correspond to measurements in each of the two 0.25 Ha areas on the same day. 
 
2.2.5 Growing season identification 
The soil water content varies mostly during growing seasons through strong interaction 
with vegetation and tends to stay constant during winters, due to snow cover and negligible root 
activities (Section 2.3.4). Therefore, this study has mainly focused on analyzing water dynamics 
in growing seasons, specifically during the years of 2009, 2010, and 2011. The growing seasons 
in the UMBS forest were identified using a criterion proposed by Schmid et al. (2003), i.e., as the 
time intervals during which the surface soil temperature was above 13 °C. We defined the timing 
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of the growing seasons in each year using soil temperature measurements at the 5 cm depth: 
Julian days 124-272 (148 days in total) in 2009, Julian days 121-281 (160 days) in 2010, and 
Julian days 132-273 (141 days) in 2011.  
2.2.6 Above-canopy and understory precipitation measurements 
Above-canopy precipitation was measured with tipping rain gauges installed near the top 
of the AmeriFlux (at 46 m; TE-525M, Texas Electronics, Inc., Dallas, U.S.A.) and the FASET (at 
32 m; TB4, Hydrological Services Pty. Ltd., Warwick Farm, Australia) towers, and have been in 
operation since 1999 and June of 2010, respectively. Another precipitation data source is a 
weighing rain gauge (Rainfall Transmitter series 5915-6, Belfort Instrument Co., Baltimore, 
U.S.A.) located in an open field near the UMBS and has been in operation since 1979 (45.56° N, 
84.68°W, NADP/NTN Monitoring Location MI09, data are available from: 
http://nadp.sws.uiuc.edu/); it is referred to hereafter as the “Reference Precipitation” as it is 
believed to be a more accurate data source because the data were collected and controlled by the 
UMBS staff on a daily basis. We found that the tipping gauges at the AmeriFlux and the FASET 
towers tend to underestimate the rainfall rate relative to the Reference Precipitation by ~15% and 
~5%, respectively during the growing seasons of 2010-2011. 
By August 2010, four optical precipitation sensors (Model 5.4103.20.041, Thies Clima 
GmbH., Göttingen, Germany) were deployed in the forest understory at 40 cm above ground at 
the locations of soil plots. The sensors were designed to continuously measure net precipitation 
reaching the ground. They had been calibrated in laboratory conditions, and the calibration 
procedures followed the methodology of Blanquies et al. (2003) (Appendix 6.2).  
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2.2.7 Quantification of canopy effects on interception, infiltration, evapotranspiration, and 
soil water storage 
Since canopy structure and biomass can affect the subsurface soil water state through 
interception of rainfall, possible interception differences among the four plots were examined by 
comparing the measured understory net precipitation. Cumulative net precipitation measured at 
each plot was calculated starting on August 4, 2010 (i.e., the date of complete deployment of all 
under-canopy rainfall sensors) through the end of 2010 growing season and over the entire 
2011growing season.  
The monitored net rainfall data at the four plots may not truthfully represent the spatial 
mean condition of throughfall over a larger area. This is due to the small sampling area of optical 
sensor and local effects of canopy structure. In order to address the spatial variability of net 
precipitation in the understory and thus the representativeness of optical precipitation sensors, 
spatial throughfall rates were measured for six rainfall events during July-August of 2011. The 
cumulative rain-event depths varied from 2.5 mm to 9.6 mm. Twenty improvised rain gauges 
were constructed using empty containers and placed at random locations under dense or thin 
crowns before each forecasted rain event. The utilized containers were made of 1-liter plastic 
bottles topped with polypropylene funnels of 100 mm diameter. The bottles were attached to 
wooden dowels and raised 0.5 m above the ground to avoid “splash in” by rain drops hitting the 
ground. The volumes of rain water collected in the bottles were measured immediately after each 
rainfall event to prevent evaporative losses. Measurements were carried out in the AmeriFlux site 
only, no spatial throughfall measurements were conducted in the FASET site. The spatial mean 
throughfall at multiple locations at the AmeriFlux site was computed and compared with data 
obtained with optical rain sensors (as averaged values for the AOP and AAP plots). The 
comparison was carried for each of the six rain events when the spatial throughfall measurements 
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were conducted. 
As another point-scale proxy of net precipitation, the amount of infiltrated water from the 
throughfall during a rainstorm period was approximated as an increase of soil water storage in 
the 0-300 cm column ( 3000SWS ). The magnitudes of 3000SWS  associated with rain events 
were derived as the difference of soil water storage in the 0-300 cm layer ( 3000SWS ) 
immediately after and before each rainfall event. The underlying assumptions are that during 
rainstorm periods transpiration, surface runoff, and drainage below the 300 cm depth were 
negligible. Specifically during rain hours, transpiration from vegetation and soil evaporation can 
be safely neglected due to small radiation input and humidity that is near saturation level. 
Surface runoff can be assumed negligible at all times; during 13 years of continuous observations 
at the flux station, surface runoff was never observed. Presumably, this is due to a high 
percentage of sand and high hydraulic conductivity of the soil (Kolb et al., 2002) that permit full 
infiltration even for largest events; in conditions of flat topography, episodic infiltration excess 
runoff is also retained locally by the surface leaf layer. Drainage below the depth of 300 cm can 
be also considered small because soil moisture contents at the 300 cm depth were generally very 
low (0.04-0.08 [m
3
 m
-3
]) and exhibited little temporal fluctuation during growing seasons, 
thereby indicating that most of infiltrated water during these periods remained in shallow soil 
layers. An analysis of possible drainage rates was performed to support this assumption 
quantitatively (Appendix 6.3). The values of 3000SWS  were calculated by integrating the 
linearly interpolated vertical soil moisture profiles within the column, which were based on 
measurements at seven monitored depths. The top 5 cm soil was assumed to have a vertically 
uniform water content equal to moisture measured at the 5 cm depth. Because of this assumption, 
the calculated 3000SWS  may not represent the true infiltrated water amount for light drizzles 
during which only a thin soil layer (< 5 cm) was wetted. The values of 3000SWS  were therefore 
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calculated only for rain events with depths higher than a threshold value of 2 mm.  
During interstorm periods, the soil moisture state is strongly affected by transpiration rate 
that is positively correlated to the amount of canopy biomass. Surface moisture also depends on 
soil evaporation rate, which is affected by shortwave radiative flux transmitted through the 
canopy. The amount of evapotranspiration during interstorm periods can be approximately 
quantified as the decrease of water storage over the 0-80 cm root zone, assuming that soil water 
percolation rate at the bottom of the root zone is negligible. Consequently, it was assumed that 
when soil moisture at the 80 cm depth was smaller than a threshold value of 0.08 [m
3
 m
-3
], the 
root zone bottom was dry and the percolation rate was small as compared to plant uptake and 
evaporative loss. Using this criterion, five relatively long interstorm periods for the 2009, 2010, 
and 2011 growing seasons were selected, during which light drizzles could have occurred but the 
magnitudes were small (less than 3 [mm day
-1
], with an exception of the rain event of ~10 [mm 
day
-1
] on July 8, 2010). For each interstorm period, the decreased root zone soil water storage at 
the four plots was estimated. The estimates were denoted as 800 SWS , i.e., as the negative 
differences of the root zone soil water storage at the end and start of the chosen periods. The 
cumulative values of 800 SWS  for each selected interstorm period were compared among the 
four plots. 
2.2.8 Quantification of soil moisture dynamics at different depths 
Temporal dynamics 
Temporal characteristics of soil moisture dynamics vary with depths. The variation of 
water content at each depth was quantified through the Temporal Standard Deviation (Tstd); Tstd 
for each of the three growing seasons were averaged to represent the overall variability.  
Root zone wetness distribution 
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As a convenient measure of wetness condition of any layer between the soil surface and a 
given depth d (in cm) located within the root zone, a Root-zone Relative Soil Wetness factor 
(RRSWd) was introduced. It was calculated as: 
8000 /   ddRRSW , 800  d  cm.     (2.1) 
where d0  is the mean water content in the soil layer between the surface and depth d 
estimated over the entire monitoring period, and 800  is the mean soil water content in the root 
zone.  
Soil water uptake profile 
The vertical profile of plant water uptake may or may not coincide with the root 
distribution, depending on water availability at different depths (Adar et al., 1995; Li et al., 2002; 
Plamboeck et al., 1999; Sharp and Davies, 1985). As the four plots in this study showed different 
relative soil wetness conditions with depth (see results Section 2.3.5), the need was to examine 
whether the root water uptake profiles among the plots would remain identical. Therefore, the 
relative magnitudes of soil water extracted by vegetation were examined for different soil layers 
within the root zone. Specifically, the root zone below the 10 cm depth was divided into seven 
10-cm thick layers; moisture taken up by roots in each layer during rainless interstorm periods 
was quantified as a temporal decrease of soil water storage in that layer. The underlying 
assumption was that percolation flux could be assumed negligible, which is reasonable for dry 
soil, a definition that relied on the threshold soil water content of 0.08 [m
3
 m
-3
]. The top 10 cm 
layer was excluded from the analysis because the decrease of soil water storage near the surface 
can be strongly influenced by soil evaporation.  
Rainless interstorm periods corresponding to relatively dry root zone conditions (i.e., the 
depth-averaged moisture content smaller than 0.08 [m
3
 m
-3
]) were selected within the 2009, 2010, 
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and 2011 growing seasons. Fifteen interstorm periods were chosen in total, with durations 
varying from 3 to 6 days. For each period, a fraction of water decrease in a 10-cm soil layer 
centered at d cm ( dSWS ) relative to the total water loss in the partial (i.e., the 10-80 cm interval 
only) root zone ( 8010SWS ) was calculated as:  
8010/  SWSSWSPPW dd                  (2.2) 
The estimates of dPPW  for the selected interstorm periods were averaged, and the 
corresponding standard deviations were also calculated. 
2.3 Results and discussions 
2.3.1 Net precipitation differences  
Canopy differences at the four plots resulted in different net precipitation volumes 
reaching the ground (Figure 2.4). The cumulative net precipitation at the FAP plot was 11%, 19% 
smaller (for growing seasons of 2010 and 2011, respectively) than at the FASET tower top, and 
17%, 25% smaller (2010, 2011, respectively) than the cumulative Reference Precipitation. 
Cumulative net precipitation totals for the AAP, AOP, and FOP plots were ~31% smaller than 
cumulative precipitation at the FASET tower (above the canopy) for the 2010 vegetation season, 
indicating higher interception rates than in FAP. Overall, the value of 31% of intercepted 
precipitation in the undisturbed canopy plots signifies a very high fraction. Nonetheless, this 
value is still within a reasonable range, as similarly high interception magnitudes for dense 
forested environments have been previously reported (e.g., 32% of total rainfall by Schrumpf et 
al. (2011)). Cumulative net precipitation totals for the AAP, AOP, and FOP plots were similar to 
each other for the 2010 and 2011 growing seasons. An exception to this observation occurred 
during several rain events between June 20 and 24, 2011, which resulted in 102 mm of total 
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rainfall. During these five days, the difference of cumulative net precipitation between FOP and 
AOP was as high as 19 mm, representing 72% of the total difference between the two sites for 
the entire 2011 vegetation season. 
  
 
Figure 2.4. Cumulative precipitation for the second half of the growing season of 2010 (from 
August 4, 2010 through October 8, 2010; left panel) and complete growing season of 2011 (from 
May 12, 2011 through September 30, 2011 at two-day resolution; right panel) measured with the 
weighting rain gauge at the UMBS (“Reference”), the tipping rain gauges located at the two flux 
towers (“TP: FASET”, “TP: AmeriFlux”), and the optical sensors at the four under-canopy plots 
(“FAP”, “FOP”, “AAP”, and “AOP”). Data in AAP were not collected through 2011 due to 
technical difficulties. 
 
For the six rain events when the spatial values of net precipitation were measured, the 
mean collected throughfall was larger than net precipitation monitored with the under-canopy 
optical sensors in the AOP or AAP plots. The differences ranged between 6% and 29%. Net 
precipitation recorded with the under-canopy sensors at the AOP and AAP plots might therefore 
be somewhat lower than the actual net precipitation in the AmeriFlux site. The mean throughfall 
was smaller than the above-canopy precipitation measured at the AmeriFlux or the FASET 
towers by 22% or 18%. 
The monitored under-canopy net precipitation during the 2010 and 2011 growing seasons 
agreed well with the 3000SWS  estimated for the four plots. As an illustrative example, Figure 
2.5 shows a comparison between net precipitation and computed 3000SWS  for rainfall events 
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between August 4 and October 8, 2010. The plot under the girdled aspens, FAP, consistently 
exhibited the largest 3000SWS  (on average, 14.4 mm per rain event), as compared to the 
estimates for the AAP, AOP, and FOP plots, with average values of 9.9 mm, 10.4 mm, and 10.2 
mm per rain event, respectively.  
2.3.2 Evapotranspiration differences 
For all five long drying periods, the FAP plot had the lowest cumulative 800 SWS  
among the four plots (Figure 2.6a, b, c, e, f), with the daily averaged rates of 1.95, 2.01, 1.60, 
1.41, and 1.20 [mm day
-1
] (Table 2). This implies that the FAP plot had the smallest 
evapotranspiration rate among the four monitoring plots. This is expected since girdled aspens at 
the FAP plot had a lower LAI that should lead to smaller transpiration rates, as compared to the 
other plots. Although the soil surface layer at the FAP plot received higher shortwave radiation 
flux, enhanced soil evaporation rates did not completely offset the decreased transpiration rates. 
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Figure 2.5. A comparison of net precipitation recorded with under-canopy rain sensors (“Net 
Precipitation”) and the estimated values of the change in soil water storage over soil column 
during interstorm periods, 
3000SWS . The estimates are based on the measured soil moisture 
profiles at the four plots for rainfall depths larger than 2 mm during the period of August 4 
through October 8, 2010. The axes use logarithmic scale. The dashed black line indicates the 1:1 
correspondence expected by a mass-balance approach. 
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Figure 2.6. Cumulative decreases of 0-80 cm soil water storage (
800 SWS ) in the four 
under-canopy plots during five interstorm periods: (a) August 31 through September 19, 2009; (b) 
May 16 through June 3, 2010; (c) June 29 through July 27, 2010; (d) July 6 through July 15, 
2011; and (e) September 7 through September 17, 2011. The error bars indicate a range of 
calculated cumulative 
800 SWS  by using data from sets of duplicated sensors (two sets at 
each site). The error bars for the FOP plot in (d) and (e) are not shown because one of the 
duplicated sensors at 15 cm depth malfunctioned.  
  
(e) 
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2.3.3 Soil water storage dynamics 
The FAP plot exhibited the wettest 0-300 cm soil column among the four plots 
throughout the entire analysis period (Figure 2.7). The largest discrepancy of 3000SWS  among 
the plots occurred between the AAP and the FAP plots. This discrepancy fluctuated with an 
overall increasing trend during the 2010 and 2011 vegetation seasons. Specifically, at the 
beginning of each growing season, 3000SWS  at FAP was larger than that at AAP by 63.0 mm or 
65.3 mm; at the end of the growing season, it was 91.7 mm or 91.0 mm higher (2010 or 2011, 
respectively). The maximum discrepancy during the growing season was 120.1 mm or 134.7 mm 
(2010 or 2011, respectively). We measured a persistent difference of soil moisture content at 15 
cm and 30 cm depths between the two plots. For example, when the 2010 growing season started, 
soil moisture at the 15 cm depth at AAP was lower than that at FAP by about 0.02 [m
3
 m
-3
]; 
during this growing season the maximum difference reached 0.06 [m
3
 m
-3
]. At the end of the 
2010 growing season, as the shallower soil layers were replenished by precipitation, the 
difference of soil moisture content at the 15 cm depth between the two plots again reached about 
0.02 [m
3
 m
-3
]. This magnitude is far above the sensor error threshold (Section 2.2.4).  
The fact that the differences in 3000SWS  among the plots persisted over the winter 
periods is either because 1) soil was not fully replenished to field capacity during the fall or 
snowmelt periods; or 2) the soil properties (e.g., the field capacity) at the four plots are different. 
Since the AOP and FOP plots, i.e., the control plots in the two sites, exhibited similar magnitudes 
and temporal dynamics of 3000SWS , this suggests that a substantial difference of soil properties 
between the two sites is unlikely.   
The inference that the soil state is wetter at the girdled plot is further supported by a 
comparison of mean spatial soil moisture (in the 0.25 Ha areas) within the two sites. The mean 
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value of 0-40 cm soil moisture observation at the FASET site was generally higher than that in 
the AmeriFlux site (Figure 2.3). This difference further indicates that the effect of increased 
incoming solar radiation at the forest floor did not offset the impact of reduced interception and 
transpiration on soil water moisture level.  
2.3.4 Soil moisture temporal variability at depths 
During winter periods after fall precipitation and a flush of “excess” water from shallow 
soil to deeper layers, soil moisture remained nearly constant at each depth mainly due to the 
presence of snow cover and dormant vegetation. During summer periods, soil moisture was more 
variable than during winter due to more frequent rain events and strong root water uptake. 
Significant dry-down periods could be observed during growing seasons. Soil moisture at 60 cm 
depth was relatively dry as compared to the locations above and below it, possibly because of the 
presence of ortstein layer near the 50 cm depth (Hall, 1986). Soil moisture below 100 cm was 
low and showed little temporal variation. Soil moisture at the 300 cm depth was extremely low 
and sometimes dropped to moisture contents near the residual point (~0.03 [m
3
 m
-3
]) or below the 
detection limit of the sensors. The low soil moisture contents below the identified “average” 
rooting depth of 80 cm may be explained by deep extraction of moisture by oak (and other tree 
species) roots: deep extension of oak root systems is well known and fine roots at 1-5 m depths 
have been observed (Breda et al., 1995).  
The temporal standard deviation of soil moisture averaged over the three growing seasons 
changes with depth and is within a range of 0.01 to 0.04 [m
3
 m
-3
] (Figure 2.8). Beyond the 100 
cm depth, the standard deviation of soil moisture at all four plots is very small (< 0.02 [m
3
 m
-3
]). 
The decreased variability with depth is a combined result of dampened maximum moisture 
contents of infiltration fronts propagating through the soil column as well as reduced root water 
uptake.  
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Soil moisture at the 5 cm depth at the FAP plot exhibited the greatest temporal variation 
among the four plots. The larger variability of surface water content at this plot is likely 
associated with more intensive drying and wetting cycles as compared to the other plots. 
Specifically, the surface layer at the FAP plot was exposed to higher levels of radiation due to 
sparser canopy and thus larger soil evaporation rates have likely occurred; during rain hours, the 
plot also received less interception and thus larger net rainfall than the other plots.  
 
 
Figure 2.7. The time series of the 0-300 cm soil water storage (
3000SWS    0-300cm) at the four 
plots over the period of August 16, 2009 through October 1, 2011, resolved at the weekly time 
step. Blue bars at the plot top are the daily series of Reference Precipitation. 
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Figure 2.8. The mean seasonal temporal standard deviations (average over the 2009, 2010, and 
2011 growing seasons), Tstd, of soil moisture at each observational depth (d) for the four 
under-canopy plots. 
 
 
2.3.5 Root-zone wetness distribution 
The estimates of Root-zone Relative Soil Wetness factor ( dRRSW ) for soil layers at 
different depths are shown in Figure 2.9. The control plots (AOP and FOP) exhibited nearly 
uniform relative soil moisture distributions over the root zone, while the aspen plots (FAP and 
AAP) showed more heterogeneous profiles. In particular, FAP exhibited relatively wetter soil at 
shallow depths, and AAP showed relatively drier shallow layers and wetter deeper layers. Since 
the plots exhibit such differences, this might serve as an incentive for modeling efforts to 
consider statistical distributions of initialization soil moisture profile according to 
canopy-structure-specific conditions and account for the effects of increased vertical gradients 
under highly heterogeneous canopies with high rugosity (Hardman et al. 2011). 
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Figure 2.9. The Root-zone Relative Soil Wetness factor (RRSWd) for 0-d cm soil layers in the 
root zone at the four plots.  
 
2.3.6 Soil water uptake profiles 
The averaged fractions of water withdrawal from each 10-cm layer within the 10-80 cm 
zone during the fifteen identified interstorm periods are shown in Figure 2.10; the standard 
deviations of PPWd are shown as error bars for each depth. The obtained vertical profile for each 
plot is related to the root density profile in terms of its decay with depth; however, it does not 
assume an exponential form. At the FAP plot, 52% of water uptake in the root zone occurred in 
the top 10-30 cm layer. This value is higher than the fractions computed for other plots, which 
were approximately equal to 42%. The resulting implication that undisturbed trees extracted 
fractionally more water from deeper layers is consistent with the observed occurrence of very dry 
conditions in shallow soil layer at the monitored plots. As suggested by experimental studies 
(Doussan et al., 2006), root systems are capable of adjusting uptake zones to satisfy potential 
transpiration rate, i.e., when  some roots are located in water-limited layers. On the other hand, 
the weakening root systems of girdled trees could not supply similar (as compared to the 
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undisturbed trees) amounts of soil water for transpiration, which reduced the overall role of the 
adjusting process in water loss at the disturbed plot. Concurrently, forest floor at the FAP plot 
received higher radiation and, expectedly, should have responded with higher fluxes of soil 
evaporation. This would have emphasized the relative role of shallow soil layers in water loss 
from the top 80 cm soil layer at the disturbed plot.  
 
Figure 2.10. The colored bars represent fractions of water extracted from each 10-cm soil layer 
centered at a depth of d cm with respect to the water extracted from the partial root zone (PPWd) 
at the four under-canopy plots. The error bars indicate the standard deviation of the PPWd for 
fifteen interstorm periods. The red dashed line indicates a fractional root density profile in the 10 
to 80 cm root zone.   
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2.3.7 Effects of heterogeneous canopy on variability of soil moisture 
The spatial variability (as the spatial standard deviation) at the FASET site was larger than 
that at the AmeriFlux site (Figure 2.11). Additionally, the FASET site was generally wetter than 
the AmeriFlux footprint. At both sites, the spatial variability increased with the mean spatial soil 
moisture. The mean spatial soil moisture at two spatial scales (footprint-scale and the meter-scale 
in nested plots) was highly correlated with point-scale soil moisture. An linear relationships can 
be inferred between the spatial mean soil moisture and the point-scale soil moisture (Figure 2.3). 
This indicates that point-scale soil moisture can be used to infer spatial mean soil moisture 
without large errors in this particular forest environment. 
  
Figure 2.11. A relationship between the mean soil moisture and spatial standard deviation for soil 
depth of (a) 0~20 cm and (b) 0~40 cm in the plots located in footprints of the AmeriFlux and 
FASET towers. The dashed lines indicate the pairs of measurements at two footprints were 
conducted at the same time. Circles or triangles with a square outer boundary indicate 
measurements outside growing seasons.  
 
2.4 Summary 
Half-hourly, 3-m deep soil moisture measurements and throughfall data were collected 
under oak and aspen trees at an undisturbed control site and experimental site, where all early 
successional aspen and birch trees were girdled. The experiment represented a controlled 
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large-scale treatment that simulated a wide-spread, species-specific intermediate disturbance of a 
forest environment. Moisture storage in the 0-300 cm soil layer under disturbed aspens was 
higher than that under other undisturbed trees. While the plots under aspen trees (one in the 
disturbed site and the other in the control site) exhibited large differences in soil moisture, the 
plots under oak trees at both sites showed similar magnitudes of 0-300 cm soil water storage. 
This observation rejects the factor of substantial variation of soil properties between the two sites 
as a possible explanation of the indicated differences in soil water storage between the two aspen 
plots. It also indicates that the effects of the treatment are expressed at very small spatial scales, 
i.e., the effects are significant just under the girdled trees but not under neighboring un-girdled 
trees. This emphasizes the importance of representing disturbance processes at a high resolution 
and the difficulty of providing a site-level mean effect for intermediate disturbance processes that 
selectively affect individual trees, even when a large area is impacted.  
The larger soil water storage under the girdled aspens was argued to be due to higher net 
precipitation and lower evapotranspiration. Specifically, the wetter state implies that the effects 
of decreased aspen canopy biomass (i.e., decreased interception and evapotranspiration) 
dominated the overall trend of soil water dynamics, despite the presumably enhanced 
interception and transpiration by understory species as well as increased soil evaporation. 
Among the four plots, the plot under the girdled aspen exhibited the most significant 
temporal fluctuations of surface soil moisture. As argued, this is because the soil surface was 
exposed to higher shortwave radiation during interstorm periods and larger net precipitation 
during precipitation intervals. The disturbed plot also exhibited the highest vertical gradient of 
soil moisture distribution in the root zone, with a relatively wetter shallow soil layer. The root 
water uptake at the undisturbed aspen and oak plots appeared to have taken place at deeper layers, 
as compared to the girdled aspen plot where the soil moisture loss occurred predominantly from 
shallower layers. The latter effect is likely due to weakened root system and enhanced soil 
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evaporation at the disturbed plot. 
A qualitative inference that follows from this chapter is that transient removal of major 
canopy species is likely to increase forest soil wetness and decrease its evapotranspiration; this 
can potentially lead to a higher recharge of groundwater systems. Depending on whether the rate 
of aspen mortality in the Great Lakes region will be high and the corresponding successional 
process will be co-occurring in space over large areas, the inference can have a regional 
implication. 
The better understanding of the physical mechanisms controlling the fine-scale soil 
moisture and the datasets collected in this chapter provided insights and observational support 
for modeling studies described in Chapter 3 and Chapter 4.  
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Chapter 3 : Effects of fine-scale soil moisture and canopy heterogeneity on energy and water 
fluxes 
3.1 Introduction 
Vital land-surface characteristics such as soil moisture and canopy biomass exhibit a high 
degree of heterogeneity at different scales, resulting in spatially varying energy and water 
exchanges between the land-surface and the atmosphere (Anderson et al., 2003; Brunsell and 
Gillies, 2003; Raupach and Finnigan, 1995; Ryu and Famiglietti, 2006; Salmun and Molod, 
2006). The current generation of land surface models considers spatial heterogeneity at a scale of 
a few kilometers and lumps characteristics of finer scales using the “big-leaf” or “patch-mosaic” 
schemes that represent surface cover as aggregated patches with uniform properties (Avissar and 
Pielke, 1989; Koster and Suarez, 1992; Sellers et al., 1996; Seth et al., 1994; Sridhar et al., 2003; 
Walko et al., 2000). However, the coarse grid/patch resolutions and simplified parameterizations 
of subgrid-scale heterogeneity may result in errors of the modeled mean water and energy fluxes 
due to the strong nonlinearity and fine-scale heterogeneity of land surface processes (Atchley 
and Maxwell, 2011; Avissar and Schmidt, 1998; Brunsell et al., 2011; El Maayar and Chen, 2006; 
Hu et al., 1999; Maxwell et al., 2007; Rowe, 1993; Sellers et al., 2007; Wood et al., 2011; Yates 
et al., 2003).  
The main objective of this chapter is to explore the degree to which the spatial structure 
of vegetation characteristics is important for determining the magnitude and spatial variation of 
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soil moisture and evapotranspiration. It was hypothesized that fine-scale heterogeneous canopy 
interacts with spatially variable soil moisture and regulates domain-scale transpiration. The study 
addresses this hypothesis by (1) explicitly representing spatially varying vegetation biomass and 
soil moisture at a tree scale in a numerical model and; (2) examining the differences in the 
estimates of spatially integrated energy and water fluxes obtained with fine-scale representations 
vs. a commonly used spatially-lumped representation; and (3) presenting an approach to consider 
tree-scale heterogeneity of radiation and assessing its role in estimating domain-scale 
transpiration.  
3.2 Observational data 
3.2.1 Vegetation and root zone 
The study location is the temperate mixed forest near the UMBS (details are in Section 
2.2.1). The forest has a mean overall stand density of 1,012 [stems ha
-1
], while the stand density 
for trees with the diameter at breast height (DBH) larger than 20 cm is 281 [stems ha
-1
] (Garrity 
et al., 2012b). Field data collected at the UMBS forest (Gough et al., 2007a; Gough et al., 2008) 
shows the fine root biomass decays exponentially with depth and that 95% of the biomass is 
concentrated within the top 80 cm of the soil (Section 2.2.2). Yearly growing season start and end 
dates were determined following the methods of Schmid et al. (2003) (Section 2.2.5).  
3.2.2 Meteorological data and energy fluxes 
Meteorological variables and energy fluxes in the UMBS forest have been monitored at 
the AmeriFlux eddy-covariance tower since 1999 (Section 2.2.2), including wind speed, wind 
direction, frictional velocity, air and soil temperature, atmospheric pressure, water vapor pressure, 
downwelling and upwelling shortwave and longwave radiation, net radiation, photosynthetic 
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active radiation, latent, sensible, and ground heat fluxes. Meteorological data processing and 
analysis follows that used by Nave et al. (2011). Specifically, the latent heat was obtained by 
eddy covariance measurements of water vapor concentrations using closed-path infrared gas 
analyzers (LI-6262 and LI-7000, LI-COR Inc., Nebraska, U.S.A.). Precipitation is recorded with 
a Belfort weighing rain gauge (Section 2.2.6).  
3.2.3 Soil moisture 
Soils are dominated by well-drained spodosols (Section 2.2.1); and the soil properties 
were observed to be fairly uniform over the study site. Two well drilling records for a location in 
the immediate vicinity of the AmeriFlux tower show that the water table is at a depth of 20 m 
during middle of a growing season. Soil moisture data has been collected in two soil pits near the 
AmeriFlux tower with a half-hourly resolution since April 2009 (Section 2.2.3). Soil moisture 
probes were deployed at each of the following depths: 5, 15, 30, 60, 100, 200, and 300 cm. As 
further evidence of a deep water table, the observed volumetric moisture contents at 300 cm were 
smaller than 0.08 [m
3
 m
-3
] or near the residual content (~0.04 [m
3
 m
-3
]) over most of the period of 
observation.  
Soil moisture has also been sampled within a 0.25 Ha area near the AmeriFlux tower 
along six 50-m long transects at 2-m intervals (He et al., 2012). These measurements represent 
averaged moisture contents over the top 20 cm layers. Data was collected at roughly monthly 
intervals during the 2010 growing season. 
3.3 Model and simulation configuration 
3.3.1 tRIBS + VEGGIE overview 
The tRIBS + VEGGIE model is a spatially distributed, high-resolution, ecohydrological 
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model that represents the essential water and energy processes over a basin and links them to 
plant life regulatory processes (Ivanov et al., 2008a; Ivanov et al., 2008b). The model operates 
with the concept of Plant Functional Type (PFT), which allows combining of species with similar 
characteristics into the same groups. It is assumed that vegetated surfaces are composed of 
multiple PFTs that may differ in life form (e.g., tree, shrub, and grass), vegetation physiology 
(e.g., leaf optical and photosynthetic properties), and structural attributes (e.g., height, leaf 
dimension, or root profile). A single computation element may contain one PFT or multiple PFTs 
(e.g., patches of deciduous tree and evergreen tree). The model represents the spatio-temporal 
variability of key variables at fine scales (5 to 100 m), and resolves hydrologic processes at a 
high temporal resolution ranging from minutes to hours. Because of the model’s flexibility and 
the capability of simulating detailed hydrologic processes, it has been applied to watersheds in 
various hydrological or vegetation settings (Flores et al., 2009; Ivanov et al., 2008b; Ivanov et al., 
2010).  
The processes represented in the tRIBS+VEGGIE model include (Figure 3.1): 
1) Interception: Throughfall, drainage, storage, and evaporation depend on tree type and 
biomass. 
2) Transpiration and evaporation: Two “big-leaves” (sunlit and shaded) represent a 
vegetation layer. Evapotranspiration flux is a sum of soil and canopy evaporation and 
transpiration. Explicit moisture distribution in the root zone is used to constrain transpiration 
and soil evaporation fluxes using a “Feddes-type” moisture availability factor. 
3) Surface energy balance: Shortwave and longwave radiation are specified or computed using 
meteorological conditions, geographic location, time of year, and site aspect and slope. 
Canopy and understory latent and sensible, and ground heat fluxes. 
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4) Infiltration: Finite-element Richards’ infiltration model with gravity-dominated lateral 
transfer is simulated in sloped and anisotropic soil. The root biomass distribution specifies 
fractional distribution of moisture sinks. 
5) Snow hydrology: Full energy balance of snowpack (Rinehart et al., 2008). 
6) Groundwater: The Boussinesq-type model under the Dupuit-Forchheimer approximation. 
7) Runoff: Saturation and infiltration excess perched subsurface storm-flow, and groundwater. 
8) Overland/channel flow: Dynamic wave of the Saint-Venant equations (Kim et al., 2011). 
 
 
 
Figure 3.1. A schematic illustration of modeled processes in the tRIBS+VEGGIE model: (a) the 
simulation domain (He et al., 2011a; He et al., 2011b); (b) a fine-resolution canopy height dataset 
as modeling input; (c) energy and water transfer processes simulated within a grid cell.  
 
In the original formulation of tRIBS+VEGGIE, spatial variations of shortwave radiation 
incident on a unit surface of vegetated area are introduced only in the presence of topography; 
this irradiance will be referred to as “above-canopy” radiation hereafter. The process of radiative 
transfer within the canopy (i.e., radiation absorption, reflection, and transmission) is simulated 
R     – precipitation 
Satm   – shortwave radiation 
μ     – direct beam type 
Λ     – waveband interval 
λE / H – latent/sensible heat 
G     – ground heat 
Qin    – subsurface influx 
Qout   – subsurface outflux 
(b) (a) 
(c) 
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with the two-stream approximation of Dickinson (1983) and Sellers (1985), which has been used 
in numerous studies (Bonan, 1996; Oleson et al., 2004b; Sellers et al., 1996). The absorbed 
radiation is partitioned to sunlit and shaded leaves, with separate treatment of stomatal 
conductance and assimilation rates but a single prognostic temperature (Ivanov et al., 2008a). 
Heat fluxes are computed using the resistance analogy (Ivanov et al., 2008a). The 
resistances to heat transfer have the dimensions of inverse of velocity and are parameterized 
according to surface roughness characteristics (e.g., canopy structure and leaf dimensions), wind 
speed, and conditions of atmospheric stability (Ivanov et al., 2008a). Latent heat flux is estimated 
(Ivanov et al., 2010) with a formulation that couples models of photosynthesis (Farquhar et al., 
1980) and stomatal aperture (Leuning, 1995). As an improvement to the original tRIBS + 
VEGGIE formulation, a new module simulating heat storage in plant biomass was developed and 
used in this study (Appendix 6.4). 
The representation of vegetated surface is based on the concept of Plant Functional Type 
(PFT). A single computational element may contain a fraction of bare soil and multiple fractions 
of PFTs. The fractional areas of bare soil and vegetated patches in elements are used to weigh 
their relative contributions to the element-scale energy fluxes. Within a vegetation fraction, the 
actual transpiration rate could be constrained by the availability of root zone soil water. To 
quantify the departure of the actual flux from the climate-controlled potential value, a 
“Feddes-type” soil moisture availability factor (Bonan, 1996; Feddes et al., 1976) is used 
(Section 1.1.3).  
3.3.2 Representation of simulation domain 
Digital elevation model (DEM) and canopy height elevations for a 40 km
2
 area including 
the UMBS forest site were obtained at a 1-m spatial resolution in a lidar campaign (Garrity et al., 
2012b). These lidar datasets were subsequently resampled to 5 m   5 m resolution using 
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ArcGIS (ArcGIS version 9.3.1, Redlands, California: Environmental Systems Research Institute, 
2009). This resolution approximately corresponds to the scale of a mature tree crown. 
Using the resampled 5 m   5 m DEM grid, a watershed domain with an area of 2.12 
km
2
 (Figure 3.2) incorporating the location of the AmeriFlux tower was delineated. The total 
number of grid elements was 85,017. The simulation domain was confined to such a relatively 
small size due to the high computational costs associated with the large number of elements.  
 
 
 
 
Figure 3.2. The location of the UMBS at Northern Michigan (blue box), the AmeriFlux tower 
(yellow star), and the delineated domain (white line).  
 
 
A subsurface mesh with 25 nodes resolving the soil profile in the vertical direction to a 
depth of 1.88 m was used in each computational element. The mesh had a higher resolution near 
the surface and exhibited a coarser resolution at greater depths. For the initialization of spatially 
distributed soil moisture, several scenarios were constructed (Section 4.2.2). 
The soil hydraulic parameters of van Genuchten (1980) were inferred with an inverse 
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estimation methodology of Hou and Rubin (2005). The time series of soil moisture monitored at 
multiple depths in one of the soil pits over the period of 3/11/2010-3/16/2010 was used. The 
derived parameter values are provided in Table 1. 
Within each computational grid cell, energy and water dynamics were solved 
independently from the rest of the simulation domain. Spatial dependencies among grid cells 
were introduced through locally modified boundary conditions by considering subsurface 
moisture transfers and spatial effects of radiative forcing (i.e., shading or exposure, Section 
3.4.3). These dependencies affected local dynamics via the coupled energy-water interactions. 
3.3.3 Vegetation representation 
Vegetation fractions (Section 3.4.1) were assigned to be equal to one in all of the 
elements of the simulation domain, and each computational element was assumed to contain a 
single canopy layer. At the resolution of 5 m x 5 m, this resulted in a stand density of 400 [stems 
ha
-1
], which is a reasonable magnitude for this forest environment. 
 Spatial variations of canopy height and biomass among individual elements were 
explicitly represented using the lidar dataset of canopy heights resampled to 5 m x 5 m resolution. 
The mean and standard deviation of the height over the simulation domain were 12.9 m and 6.55 
m. Several scenarios were constructed to test the effects of spatial variability of biomass. These 
scenarios are detailed in Section 4.2.1 and only general characteristics common to all of the 
scenarios are discussed here. 
Canopy biomass characteristics were measured using a ground-based Portable Canopy 
Lidar (PCL) system for the 0.25 Ha area (Section 3.2.3) at a 1 m x 1m spatial resolution during 
the 2008 growing season (Hardiman et al., 2011). Within the 0.25 Ha area, vegetation area index 
(VAI) was calculated in each 1 m x 1 m grid cell as the ratio between the number of laser signal 
returns due to reflection from the crown surface and the sum of canopy and sky hits. The 
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PCL-measured VAI was converted to LAI by assuming that the mean VAI corresponds with the 
mean LAI and that VAI and LAI scale linearly (Hardiman et al., 2011). The obtained spatial 
dataset of LAI was resampled to a 5-m resolution. The resampled grid was characterized by the 
mean of 4.2 [m
2
 m
-2
], the standard deviation of 1.23 [m
2
 m
-2
], and the autocorrelation length of 
1.16 m. These spatial statistics of canopy were further assumed to be representative for the entire 
watershed domain.  
 An exponentially decaying root profile with the maximum depth of 80 cm (He et al., 
2012) was assigned to each of the elements. The profile was used to infer the distribution of 
relative density of moisture uptake (Ivanov et al., 2008a), which was also assumed to be identical 
for all computational elements. 
3.3.4 Model forcing and evaluation data 
The simulation time period corresponds to a representative subset of the 2010 growing 
season, starting on 06/07/2010 and ending on 8/23/2010. In total, there were 1990 simulation 
hours. For the same period, the hourly time series of meteorological variables from the 
monitoring network near/at the AmeriFlux tower provided model input, and measurements of 
energy and water fluxes and soil moisture provided data for evaluation of the model. Specifically, 
data collected with the Belfort weighing gauge were used as precipitation forcing. Wind speed, 
air temperature, atmospheric pressure, and water vapor pressure data measured at the AmeriFlux 
tower were used as other meteorological inputs. Further, the tRIBS+VEGGIE model requires 
four input shortwave radiation components: visible (VIS) direct, near infrared (NIR) direct, VIS 
diffuse, and NIR diffuse radiation. To partition the global solar radiation measured at the 
AmeriFlux tower at a height of 46 m into these components, their fractions were estimated with a 
sub-routine of an hourly weather generator AWE-GEN (Advanced Weather GENerator) detailed 
in Fatichi et al. (2011).   
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Observations of latent, sensible, and ground heat fluxes, as well as net radiation, outgoing 
shortwave radiation, and monitored soil moisture were used to evaluate the model performance. 
The measured ground heat flux at the 5 cm depth was corrected for the soil heat storage 
according to the calorimetric method of Fuchs and Tanner (1968), using soil temperature 
measured at a 2.5 cm depth. It should be noted that there was a slight imbalance in the energy 
closure: the sum of daily latent heat, sensible heat, and ground heat was smaller than the net 
radiation by about 12%. This could be explained by heterogeneity in soil heat flux that is not 
captured by our sensors, and by lateral advection of sensible heat and water vapor away from the 
flux tower.  
3.4 Simulation design 
3.4.1 The lumped case 
In the spatially lumped simulation case, the domain was represented as a single 2 km
2
 
grid cell. The single vegetation layer was assigned the domain-scale mean canopy height of 12.9 
m and mean LAI of 4.2 [m
2
 m
-2
]. It should be noted that in this lumped representation of the 
canopy, the numerical scheme partitions the canopy into sunlit and shaded fractions; however 
only a single canopy prognostic temperature is computed (Ivanov et al., 2008a). The soil 
moisture in the subsurface mesh nodes was initialized according to a soil moisture profile 
derived from the observation data (Section 3.3.3 and Section 3.4.2).  
3.4.2 Spatial distribution scenarios 
By using permutations of three LAI scenarios and three soil moisture scenarios, nine 
simulation cases were carried out in total and referred to hereafter by their hyphenated names. 
All nine simulation cases were first carried out using “above-canopy” radiation (Section 3.3.1), 
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i.e., without taking into account the local effects of crown light exposure and shading. These 
cases are referred to as the “UNFRM” simulation set. In the case when irradiance is modified 
according to local effects of crown light exposure/shading (Section 3.4.3), simulations are 
denoted as the “HETER”. All of the simulation cases use the same parameter set provided in 
Table 1.  
Leaf Area Index 
Three scenarios of LAI spatial variability were constructed: “UnfmLAI”, “RgrsLAI” 
(Figure 3.3a), and “StatLAI” (Figure 3.3b). Specifically, the UnfmLAI scenario was constructed 
using a spatially uniform value of LAI and canopy height as in the lumped representation; 
however, this scenario will include topographic information and allow permutations with 
spatially variable soil moisture. In the RgrsLAI scenario, the spatially-varying LAI was derived 
using canopy heights and an allometric equation relating biophysical properties of vegetation 
(Bohrer et al., 2007): 
)/)(,1.0max( LAIHHLAI LAIHii   ,               (3.1) 
where iLAI  is the calculated LAI for an i-th element; iH  is the canopy height estimated for an 
i-th element (Section 3.3.3); H , 
H
 , LAI , LAI  are the domain-scale mean canopy height, the 
spatial standard deviation of canopy height, the mean LAI, and the spatial standard deviation of 
LAI, respectively; and max is the maximum function operator. The result is a spatial field of LAI 
values that are perfectly correlated with the lidar-observed field of tree heights, and vary with the 
observed standard deviation of LAI. 
For the StatLAI scenario, the LAI spatial distribution was generated with a virtual canopy 
generator V-CaGe (Bohrer et al., 2007), using the same LAI spatial mean and standard deviation 
as those used in the RgrsLAI scenario; the assumed spatial autocorrelation length of LAI was set 
equal to 1.16 m. Note that the StatLAI and RgrsLAI scenarios have the same spatial distributions 
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of canopy height but different distributions of LAI. While the RgrsLAI scenario has a unique 
relationship between canopy height and LAI, the two are “decoupled” in the StatLAI scenario. 
            
Figure 3.3. Generated scenarios for the spatial distributed LAI over the simulated domain: (a) the 
RgrsLAI scenario and (b) the StatLAI scenario. The color bar illustrates the value of LAI.  
 
Initial soil moisture  
Monthly spatial datasets of average moisture over the soil depths of the top 20 cm 
collected within the 0.25 Ha area (Section 3.2.3, measured in 2-m resolution) were resampled to 
grids at 5 m x 5 m resolution. The resampled grids were used to estimate the following statistics: 
a maximum spatial standard deviation of 0.025 [m
3
 m
-3
] and an average autocorrelation length of 
0.94 m. The statistics were obtained as a result of analysis of all resampled grids. 
 The observed moisture profile on the first day of the simulation period, i.e., 06/07/2010, 
was used as a reference in designing the spatial soil moisture scenarios. It was estimated by 
averaging observations at each monitoring depth at the two soil pits in the vicinity of the 
AmeriFlux tower. In order to map the observed profile to the subsurface computational mesh, the 
measured values were linearly interpolated to the depths of the mesh nodes. Soil moisture over 
the top 5 cm layer was assumed to be uniform and equal to the observed value at the 5 cm depth.  
Three spatial scenarios of soil moisture initializations were generated: “UnfmSM”, 
(a) (b) 
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“RgrsSM” (Figure 3.4a), and “StatSM” distributions (Figure 3.4b). For each scenario, the spatial 
distribution of moisture in the surface mesh node was first determined. Specifically, in the 
UnfmSM scenario, it was set uniformly to 
0SM =0.135 [m
3
 m
-3
] in all computational elements. 
In the RgrsSM scenario, surface soil moisture was assumed to be positively correlated to canopy 
height using a formulation analogous to Equation 3.1, in which LAI  and LAI  were 
substituted with the spatially mean surface soil moisture 
0SM  [m
3
 m
-3
] and the maximum 
observed standard deviation of spatial surface soil moisture SM = 0.025 [m
3
 m
-3
]. Note that, in 
real situations, tall trees are most likely to be associated with low soil moisture due to higher 
interception loss and larger amount of transpiration (as shown later in Section 3.5.2). The 
RgrsSM scenario, which has a positive relationship between canopy height and initial soil 
moisture, was intentionally developed to demonstrate the transformation process of the spatial 
distribution of soil moisture (Section 3.5.2). In the StatSM scenario, surface water content was 
generated with V-CaGe using the same values of domain-scale mean and standard deviation as in 
the RgrsSM scenario. The spatial autocorrelation length of soil moisture was set to 0.94 m.  
Soil water contents in the subsurface mesh of each element were obtained by scaling the 
reference soil moisture profile. If the surface soil moisture was 0SM , soil moisture in a mesh 
node at a depth of d cm was calculated as follows: 
, 0 0max(0.04, ( / ))d d refSM SM SM SM  ,            (3.2) 
where 
,d refSM  is the soil water content at depth d in the reference soil moisture profile. 
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Figure 3.4. Scenarios of initialized spatially heterogeneous soil moisture: (a) RgrsSM, and (b) 
StatSM. The RgrsSM scenario is regressed from the spatially distributed RgrsLAI. The StatSM 
scenario is generated by the virtual generator V-CaGe. The spatial mean soil moisture is 0.1345 
[v/v] and the standard deviation of soil moisture over the domain is 0.025 [v/v]. All the SM 
statistical properties were derived from the measured soil moisture datasets. 
 
3.4.3 Crown effects on local radiative forcing 
In a natural forest system, individual tree crowns of different height exhibit spatial 
variations in shortwave energy absorbed by canopy surfaces. For example, a shortеr tree may 
receive relatively less radiation because it could be in a shade of taller surrounding trees. On the 
contrary, a tall tree may protrude through neighboring trees and receive higher radiation at an 
exposed side. As a conceptual analogy, forest canopy can be considered as a “topographic 
surface” and tree crowns could be either located in shaded regions, or exposed to the direct Sun’s 
radiation. The apparent key difference with actual terrain topography is that canopy is not a solid 
medium; it is transparent to some fraction of radiation. The extent of the effects of shading or 
exposure on a given tree depends on its properties, such as height, canopy structure, and biomass 
density, as well as properties of crowns of surrounding trees. 
To mechanistically introduce such tree-scale effects on radiative forcing, previous 
research used ray tracing techniques (Brunner, 1998; Govaerts and Verstraete, 1998; Kobayashi 
and Iwabuchi, 2008; Rowe, 1993). However, computational demands of such a method make it 
SM 
[v/v] 
SM 
[v/v] 
(a) (b) 
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prohibitive in applications with a large number of trees. This study has attempted to reproduce 
such tree-scale effects in a simplified, computationally efficient way. Specific details of the 
developed solution are provided in Appendix 6.5. Note that the domain-scale average of the 
spatially-variable, tree-scale radiative forcing was equal to the measured shortwave radiative flux 
incident on a unit horizontal surface. This ensured that no artificial radiative energy sources or 
sinks were generated.  
3.5 Results 
3.5.1 Model confirmation 
The simulated energy fluxes from the lumped simulation case were evaluated against the 
measurements. The average diurnal cycles of the measured and simulated energy components are 
shown in Figure 3.6. As the measured energy components at the UMBS site were not balanced 
(Section 3.3.4) and particularly latent heat might be underestimated (Su et al., 2004), the model 
was parameterized in such a way that the simulated latent heat intentionally exceeded the 
observed values, and the other modeled energy components matched the measurements. The root 
mean square error (RMSE) of the hourly measured and simulated net radiation, outgoing 
shortwave, sensible heat, latent heat, and ground heat fluxes during rainless day-time periods 
(6am - 8pm) are 17.4, 4.8, 37.8, 96.3, and 14.1 [W m
-2
], respectively. We excluded the 
observational data during rain hours or night time in the calculation of RMSE because i) 
eddy-covariance measurements are less reliable during such time periods, and ii) most significant 
energy exchange occurs during day-time hours. Note that the model was confirmed by using the 
lumped case rather than cases with scenarios of spatial heterogeneity, due to practical 
considerations of the iterative calibration process and computational time. 
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Figure 3.5. Average diurnal cycles of the observed (“obs”) and simulated (“sim”, from the 
lumped simulation case) energy components over the period of 06/07/2010 to 8/23/2010: (a) 
incoming shortwave radiation ( inS ), net radiation ( nR ), and outgoing shortwave radiation ( outS ); 
(b) latent heat ( E ), sensible heat (H), ground heat (G), and biomass storage (B) fluxes. 
 
Simulated soil moisture was evaluated against observations at the monitoring depths. The 
simulated values are quite consistent with the measured water content to a depth of 30 cm 
(Figure 3.6). At the depths of 60 cm and 100 cm, the simulated soil moisture is slightly higher 
than the measured data. The difference with observations can be due to several reasons including 
a larger water uptake by deeper roots during interstorm periods. Also, the measured data exhibit a 
more rapid water flux through the soil column to deeper layers after precipitation events, 
resulting in earlier peaks of moisture content than what is generated with a model (e.g., a few 
days after August 15, 2010). The rapid percolation flux may be explained by the existence of 
macrospores, flow instabilities, or preferential flow paths near sensors. However, these 
phenomena could not be precisely quantified and were not considered in the model. 
  
(a) (b) 
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Figure 3.6. The observed (“obs”, red region) and the simulated (“sim”, blue lines, from the 
lumped simulation case) volumetric soil moisture (SM) at the depths of 5, 15, 30, 60, and 100 cm. 
The observed soil moisture at each depth is shown as a range that was determined based on 
maximum and minimum water contents measured by either four (at 5-60 cm) or two (at 100 cm) 
sensors in two soil pits near the AmeriFlux tower.  
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3.5.2 Simulation cases with spatially uniform radiative forcing (UNFRM) 
Spatially averaged energy and water fluxes 
With spatially uniform incoming radiation, the simulated hourly time series of 
domain-scale averaged transpiration rate (Figure 3.7a) and root zone soil moisture are nearly 
identical for all nine permutations of LAI and initial soil moisture and are similar to that of the 
lumped simulation case. The UnfmLAI-UnfmSM case exhibits only ~1% less of absorbed 
shortwave radiation, and ~1% less of net rain reaching the surface, as compared to the lumped 
case, because of minor effects of relatively flat topography. The differences are ~2.7% and ~1.3% 
larger latent and sensible heat fluxes from vegetation and ~4% less biomass storage, as compared 
to the lumped case.  
The time series of domain-scale averaged Feddes-type soil moisture availability factor 
from the nine simulation cases and the lumped case are similar; their time series are shown in 
Figure 3.7b. When this heuristic factor is smaller than one, soil moisture is limiting and 
transpiration is “water-stressed”; otherwise transpiration is at the potential magnitude. As seen in 
Figure 3.7b, the domain has sufficient soil water at the beginning of the simulated time period 
(“water-ample” period, hours 0-804), and experiences prolonged soil water stress over the period 
of hours 805-1772 (“water-stressed” period); the soil moisture becomes sufficient again over the 
time period of hours 1773-1990 (“water-ample” period).  
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Figure 3.7. The times series of the domain-averaged cumulative transpiration ( vE ) and soil 
moisture availability factor (β) for the lumped, UnfmLAI-UnfmSM, RgrsLAI-RgrsSM, and 
StatLAI-StatSM simulation cases corresponding to UNFRM radiative forcing. Domain-averaged 
results from all nine permutation cases are nearly identical; the results from only three of the nine 
cases are shown as an example. 
 
Relationships between LAI, transpiration, and soil moisture 
The effects of spatially variable canopy biomass on the spatial states and fluxes of the 
forest system are studied by examining the results from simulation cases using all three LAI 
scenarios and a single scenario of moisture initialization (specifically, the UnfmSM scenario). 
Three characteristic simulation hours were identified: hour 588, 1332, and 1884. These hours 
respectively represent the state of the system during a water-ample period, a water-stressed, and 
another consequent water-ample period; the latter, in consequence of a rainfall event (Section 
3.5.2). For each of the three hours, scatter plots among different variables are shown in Figure 
3.8. 
For the RgrsLAI-UnfmSM simulation case (Figure 3.8a), the plotted relationships change 
with time. At hour 588, transpiration rate is positively related to LAI and net radiation. Soil 
moisture is negatively correlated with LAI, as locations with higher canopy biomass have 
extracted more soil water for transpiration and therefore the soil has dried relatively quicker. At 
hour 1332, transpiration is “insensitive” to net radiation and slightly negatively correlated with 
(a) (b) 
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LAI. Transpiration is simulated as limited by the root zone soil water availability with a 
domain-average β of 0.39. Locations with higher LAI now exhibit higher water stress due to a 
more rapid prior water depletion, i.e., stress has built up due to memory of the soil water 
reservoir. The higher water stress at this hour leads to a relatively lower transpiration rate. By 
hour 1884, the soil water reservoir has been replenished by several rain events and transpiration 
is now again positively related to net radiation.  
For the StatLAI-UnfmSM simulation case (Figure 3.8b), the relationships among the same 
variables exhibit a noisier pattern as compared to the RgrsLAI-UnfmSM case. This is because the 
former simulation case includes a “decoupled” relationship between the spatial distribution of 
canopy biomass and canopy height, i.e., elements with the same LAI may have different crown 
heights. This leads to different aerodynamic resistances above and within canopy, boundary layer 
and stomatal resistances and thus varying transpiration rates and soil moisture.  
The simulation results of the UnfmLAI-UnfmSM case are shown as red dots in Figure 3.8a, 
for a relative comparison. In the UnfmLAI-UnfmSM case, all elements have a LAI of 4.2 [m
2
 m
-2
], 
but some of them experience terrain effects of incoming shortwave, which results in a non-zero 
variability of net radiation, transpiration rates, and soil moisture. 
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Figure 3.8. Relationships among spatially distributed LAI, transpiration (Ev), net radiation (Rn), 
root zone soil moisture (SM) at hour 588, 1332, and 1884 for: (a) the RgrsLAI-UnfmSM (blue 
points), (b) the StatLAI-UnfmSM (blue points) simulation cases. The red dots correspond to the 
UnfmLAI-UnfmSM case and the cyan triangle shows the uniform result from the “lumped” case. 
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Initialization effect on spatial dynamics of soil water 
The effect of moisture initialization is studied by examining the simulated dynamics of 
spatial variability of soil water. The results from the three simulation cases used a specific 
distribution of initial soil moisture (UnfmSM, RgrsSM, and StatSM) but the same canopy 
scenario (the RgrsLAI scenario). In all cases, the imposed spatial initialization of soil moisture 
undergoes a substantial transformation, but for all scenarios the final distribution becomes 
inversely related to the spatial distribution of LAI. Figure 3.10 illustrates this graphically. As 
seen, the RgrsSM initialization (positively correlated with LAI) and the StatSM initialization 
(random) are transformed by a wetting phase at hour 228 that tends to wipe out the spatial 
heterogeneity of the root zone soil moisture. About ten days later (hour 468), the spatial 
distributions of root zone soil moisture in both simulation cases evolve to a spatial pattern that is 
negatively related to spatial variability of LAI.  
 
For the purpose of examining the temporal dynamics of the transformation of spatial soil 
moisture as showed in Section 3.5.2, instantaneous spatial distributions of soil moisture are 
quantified with empirically estimated Shannon Information Entropy (Shannon and Weaver, 
1964): 
)/()(
~
minmaxmin   ii ,              (3.3) 
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where i  [m
3
 m
-3
] is the volumetric root zone soil moisture in an i-th element; min   [m
3
 m
-3
] 
and max  [m
3
 m
-3
] are minimum and maximum root zone moisture contents that were simulated 
in all simulation cases (0.05 [m
3
 m
-3
] and 0.22 [m
3
 m
-3
], respectively); 
i
~
 [-] is the element-scale 
effective root zone saturation (varies between 0 and 1); )
~
(kp  [-] is an empirical representation 
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of the Probability Distribution Function (PDF) for the spatially distributed effective root zone 
saturation (
~
), k is the number of bins (k = 1, 2, … 50), where the chosen bin size is 0.02 [-]; 
andH (q )  [-] is the empirical Shannon Information Entropy of 
~
. The magnitude of )
~
(H is 
concerned with the shape of PDF: generally a PDF with a narrower base results in a smaller 
magnitude of )
~
(H . The Entropy value was calculated at 12pm of each day of the simulation.  
The calculated time series of )
~
(H  for the three simulation cases converge at 
approximately hour 468 (Figure 3.9). At this time, the PDFs of root zone soil moisture for all 
simulation cases become nearly identical. After the convergence at hour 468, the time series of 
)
~
(H  have a somewhat decreasing trend from hour ~600 to hour ~1380. During this time 
period, soil in the root zone becomes progressively drier due to evapotranspiration and a lack of 
precipitation. As minimum moisture is physically bounded by the residual value, the PDF 
becomes progressively “narrower” (i.e., with a smaller spatial variance), which explains the 
overall decreasing trend of )
~
(H . 
This transformation of spatial distribution of soil moisture is a combined result of i) 
wetting process due to precipitation (uniform in space above canopy), and ii) drying process that 
depends on spatial variation of LAI magnitude. When precipitation occurs, it diminishes the 
relative differences among drier and wetter locations (Figure 3.10b, e). During post-storm period, 
the spatial variability of transpiration rate is mainly determined by the spatial pattern of LAI, 
such that the drying of root zone soil leads to an “inverse-LAI” distribution of soil wetness 
(Figure 3.10c, f).  
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Figure 3.9. The time series of Shannon Information Entropy for the spatial root zone soil 
moisture content over the domain simulated by cases with UnfmSM, or RgrsSM, and StatSM 
scenarios.  
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Figure 3.10. The spatial distribution of volumetric root zone soil moisture at hour 0, 228, and 468 
for the RgrsLAI-RgrsSM case (a, b, c), and the RgrsLAI-StatSM simulation case (d, e, f).  
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3.5.3 Comparison of UNFRM and HETER simulation cases 
Individual tall or short trees 
Tall trees behave differently in the HETER case and in the UNFRM case. For a 19-m tall tree 
(with surrounding trees shorter than 19 m), it is exposed to more radiation and therefore 
transpires more in the HETER case than in the UNFRM case for most of the time (Figure 3.11a, 
b). As a result, the soil water is generally depleted to a lower level for the 19-m tree in the 
HETER case than in the UNFMR case. During severe water-stressed periods, although the 19-m 
tree in the HETER case has a larger radiation input, its transpiration is constrained to a lower 
level in the HETER case than in the UNFMR case. These time periods are shown as blue points 
below the 1:1 relationship line in Figure 3.11b.  
 
     
 
Figure 3.11. A comparison of simulated hourly incoming shortwave and hourly transpiration for 
a 19-m tall tree (blue points) and a 5-m short tree (red points) in the HETER case (y-axis) and in 
the UNFMR case (x-axis). 
 
 
Short trees also behave differently in the HETER case and in the UNFMR case. For a 5-m 
short tree (with surrounding trees taller than 5 m), it is shaded and therefore receives less amount 
of input radiations and transpires less in HETER scenario than in the UNFMR scenario (red 
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points in Figure 3.11). No water stress is observed for this short tree in the HETER scenario 
during the whole simulation period. On contrast, in the UNFMR case, all tall trees and short trees 
experience similar water stress condition, with β smaller than one from simulation hour 693 to 
hour 1689.  
Domain scale 
In the HETER simulation case, nearly half of tree crowns within the domain are exposed 
to higher than average levels of daily incoming shortwave radiation and the other half are at least 
partially shaded and experience lower radiation levels than average. Trees in these two groups 
will be referred to as “exposed trees” and “shaded trees”, respectively. The average radiation 
levels are uniformly prescribed to all crowns in the UNFRM case. For the following paragraphs, 
magnitudes of canopy irradiance and transpiration will be referred as daily average values over 
periods of 6am to 8pm. 
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Figure 3.12. The time series of cumulative transpiration ( vE ) and soil moisture availability factor 
(β) for the UNFRM and the HETER simulation cases.   
 
The domain-scale averaged net radiation for the HETER and the UNFRM cases are nearly 
identical (not shown), however, the differences in transpiration flux and water stress conditions 
are more pronounced. The cumulative domain-averaged transpiration for the HETER case is ~9% 
smaller than that for the UNFRM case (Figure 3.12a). The diurnal cycles of latent heat in HETER 
case seems to better match measurements than the UNFRM case, in terms of the mean values, 
standard deviations, and 95% percentiles (Figure 3.13). As argued later, the smaller amount of 
the domain-scale latent heat in the HETER case (as compared to the UNFMR case) is mostly due 
to smaller transpiration during the simulated water-stress period between hour 610 and 1808. 
During other periods corresponding to non-limiting conditions of soil moisture, the domain-scale 
transpiration for the two cases is nearly identical (not shown). While resulting in smaller total 
transpiration, the HETER case also exhibits a lower level of water stress at the domain scale 
during the water-stressed period (Figure 3.12b).   
(a) 
 
(b) 
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Figure 3.13. Diurnal cycles of the simulated latent heat in UNFRM or HETER cases and 
observed latent heat (“obs”) over the considered period: 95% percentile (“95%”), mean values 
(“mean”), and standard deviations (“STD”). Note that the data error of the observed latent heat 
can be as high as ~20%, given the energy imbalance in empirical data.  
 
During the water-ample periods in the HETER case, the irradiance of exposed trees is on 
average 118.9 [W m
-2
] higher than that in the UNFRM case. Their transpiration flux is also 36.1 
[W m
-2
] higher. Over the same period, the irradiance of shaded trees is 118.8 [W m
-2
] lower than 
that in the UNFRM case, which leads to their 36.2 [W m
-2
] lower transpiration. As a result, the 
increased transpiration by exposed trees and the decreased transpiration by shaded trees in the 
two simulation scenarios lead to nearly the same domain-scale transpiration in the HETER and 
UNFRM cases during periods when conditions are not moisture-limiting. In order to further 
elucidate the above effect, several off-line simulations were carried out and they are discussed 
later.  
 During the water-stressed period simulated in the HETER case (i.e., hour 610 through 1808), 
transpiration of exposed trees is on average 9.7 [W m
-2
] higher than that in the UNFRM case. 
Over the same period, transpiration of shaded trees is 39.4 [W m
-2
] lower than that in the 
UNFRM case. This implies that the increased latent heat from exposed trees does not entirely 
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offset the decreased transpiration from shaded trees. This imbalance is due to a disproportional 
level of water stress simulated for exposed trees that have exploited soil reservoir more rapidly. 
To gain a better insight on the occurring dynamics, off-line simulations were carried out and are 
presented later. The argument is further generalized by defining a “transpiration response 
efficiency” calculated as the absolute magnitude change in transpiration normalized by the 
absolute change in shortwave irradiance. As can be inferred from Figure 3.14a, when the spatial 
radiative forcing changes from the UNFRM case to the HETER case, the “transpiration response 
efficiency” of exposed trees is lower than that of shaded trees. 
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Figure 3.14. The relationships between the simulated element-scale daily shortwave irradiance 
( inS ) and (a) transpiration ( vE ) or (b) root zone soil moisture availability factor (  ). Each point 
represents results for a given computational element. The black dashed line ( 386inS  [W m
-2
]) 
indicates the domain-scale average radiation for the HETER and UNFRM cases.  The 
coordinates of yellow (cyan) star represent the average values of inS , vE , and   for shaded 
(exposed) trees in the HETER case. The coordinates of yellow (cyan) open circle represent the 
average values of inS , vE , and   for shaded (exposed) trees in the UNFRM case. The scatter 
of points for the UNFRM case is due to local effects of topographic slope and aspect.  
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The somewhat counterintuitive result of a smaller domain-scale water stress in the 
HETER case as compared to the UNFRM case is confirmed by Figure 3.14b. The daily moisture 
availability factor   of exposed trees decreases by 0.029 (3.5%) from the UNFRM case to the 
HETER case; the same metric for shaded trees increases by 0.098 (11.4%). The overall 
implication is that the absolute change of β for exposed trees is smaller than that for shaded trees. 
By definition, the magnitude of   depends on two factors (Bonan, 1996; Feddes et al., 1976): 
the amount of soil water and root density. The change of   is therefore expected to be smaller 
in elements where the change of soil moisture is less and uptake depth becomes associated with 
smaller root densities. As the radiation condition changes from UNFRM to the HETER case, the 
total increased water uptake by exposed trees is smaller than a decrease by shaded trees. Further, 
exposed trees in the HETER case tend to take up moisture from deeper soil layers than shaded 
trees, and these locations exhibit a lower strength of the sink due to exponentially decaying root 
profile (Section 3.3.3). The overall result is the change of   for exposed trees is relatively 
smaller than that for short trees.  
Note that although the HETER simulation case considers tree-scale heterogeneity of 
radiation, it still assumes spatially uniform vegetation parameters and rooting depths for different 
species composing the forest. The effects of these assumptions are discussed in Section 3.6.  
Off-line simulations to illustrate domain-scale differences between the HETER and 
UNFMR cases 
The presented off-line simulations examine the energy partition by trees of different 
exposure under various situations and are intended to help in understanding the domain-scale 
differences in transpiration of the two simulation scenarios. Eight locations with different canopy 
biomasses are selected from the simulation domain: LAI is equal to 2.0, 2.7, 3.3, 4.4, 5.3, 6.6, 7.4, 
and 8.2 [m
2
 m
-2
]. The surface energy budget of each element is simulated with a lumped 
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approach using synthetic time series of rainfall and shortwave radiation.  
Five time series of shortwave radiative forcing are generated, obtained as the products of 
the observed time series and the following fractions: 0.2, 0.6, 1.0, 1.4, and 1.8. The series are 
respectively denoted as “0.2S”, “0.6S”, “1.0S”, “1.4S”, and “1.8S”. These time series are 
assumed to represent changing conditions from highly shaded, shaded, not shaded or exposed 
(i.e., the same irradiance as in the UNFRM case), exposed, and highly exposed situations, 
thereby mimicking local-scale effects of the HETER simulation case. 
In the first set of simulations, rainfall input is designed in such a way, so as to ensure 
water-ample condition for all simulation hours. Specifically, synthetic rainfall at a rate of 10 [mm 
hr
-1
] is imposed every night, from 11pm to 3am; for all other hours, the observed rainfall time 
series are used.  
As shown in Figure 3.15a, the relationship obtained from simulations between the mean 
daily transpiration ( vE ) and the mean daily shortwave radiation ( inS ) is essentially linear.  
Further, for all LAI magnitudes, the derivative inv SdEd /  is nearly constant and does not 
depend on actual inS or LAI. This implies that during water-ample periods, when radiative 
forcing changes from the UNFRM case (i.e., all canopies are forced with the same radiation) to 
the HETER case (i.e., the mean daily shortwave radiation is higher or lower than 1.0S), linear 
changes of transpiration are expected: a unit increase of inS  causes the same magnitude of 
transpiration change as a unit decrease of inS . As long as the domain-averaged irradiance in the 
HETER case is the same as in the UNFRM case, the changes in the domain-averaged vE  are 
close to zero. As stated in Section 3.5.3, the total input of shortwave energy into the system for 
the HETER and UNFRM cases is nearly the same. Based on Figure 3.15a, a total increase of vE  
due to the surplus of energy received by exposed trees is thus offset by a decrease of vE  due to 
a decrease of energy received by shaded trees.  
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In a second set of simulations, the actual rainfall series is used. Explanatory insights on 
the dynamics of energy fluxes under the actually simulated water conditions, including possible 
water-stressed periods, are sought. The results of the off-line simulation are shown in Figure 
3.15b. As shortwave irradiance changes from 1.0S to 1.4S, and to 1.8S, the slope between vE   
and inS  changes, contrary to the relationship for water-ample conditions. This is due to water 
limitation that exposed trees increasingly experience with growing energy input. Conversely, for 
short shaded trees (e.g., LAI = 2.0 [m
2
 m
-2
]), as input shortwave energy changes from 1.0S to 
0.6S, to 0.2S, the slope between vE  and inS  remains nearly constant and is equal to the slope 
corresponding to water-ample conditions. This signifies favorable soil moisture conditions for 
any input of shortwave radiation. Overall, the slope of the relationship between vE   and inS  
levels off as conditions of shading are changed to exposure (Figure 3.15b), implying a growing 
effect of soil moisture limitation on transpiration. Correspondingly, when the domain forcing 
changes from the UNFRM case to the HETER case, the enhanced transpiration flux due to 
exposed trees is smaller than the total reduced flux due to shaded trees. This is mostly because 
exposed trees become highly water-stressed.   
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Figure 3.15. The relationships between the simulated mean daily transpiration vE and shortwave 
irradiance ( inS ) for eight elements with LAI of 2.0, 2.7, 3.3, 4.4, 5.3, 6.6, 7.4, and 8.2 [m
2
 m
-2
] 
selected within the simulation domain: (a) water-ample condition (filled circles), in which water 
stress was artificially eliminated, and (b) actually simulated water condition (open circles). The 
imposed shortwave irradiance was obtained as a product of a given fraction (from 0.2 to 1.8) and 
the original observed series (i.e., the notation 0.2S, 0.6S, 1.0S, 1.4S, and 1.8S). The solid lines 
indicate the slope of the vE - inS relationship under water-ample conditions. The dashed lines 
illustrate the vE - inS relationships for two elements (LAI = 2.0 and 8.2 [m
2
 m
-2
]) for an actually 
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simulated water condition (i.e., including a water-stress period). The mean daily fluxes are used 
and computed as averages over the 6am - 8pm period.  
 
3.6 Discussion 
This study examines ecohydrologic effects of representing spatial vegetation 
characteristics on temporal and spatial variations of energy fluxes and their coupling with soil 
moisture. Emphasis is placed on inter-relationships between soil moisture, LAI, radiative forcing, 
and domain-scale transpiration.  
3.6.1 Modes of coupling between canopy and soil moisture variations 
For the studied temperate forest, fine-scale root-canopy interactions exhibit controls on 
domain-scale soil moisture spatial variability. Specifically, vegetation drives soil moisture 
heterogeneity that tends to approach a pattern of variation inversely related to the spatial 
distribution of LAI. 
Despite the significant differences among the soil moisture simulation scenarios, the 
impact of moisture initialization is negligible after ~20 days. While the result is not unexpected, 
it is indicative of the possibly predominant role of canopy heterogeneity in the spatial variations 
of root soil moisture in such forested systems during periods when water conditions are 
non-limiting. A concomitant inference then is that variability of moisture over a depth range 
comparable to the root zone can be dominated by variations in canopy biomass. This is not an 
apparent conclusion as growing season hydro-climate (i.e., large spatial scale forcing) can 
theoretically exhibit modes that would destroy any patterns of variability imposed by biotic 
(and/or abiotic) factors (i.e., local scale). 
It is important to note that the role of topography is not pronounced in any of the 
simulation results due to the relatively flat domain surface. In areas of complex terrain, the study 
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inferences are subject to local (e.g., terrain slope and aspect) or nonlocal (e.g., upslope 
contributing area) controlling factors (Ali et al., 2010; Grayson et al., 1997). They are likely to 
have an important impact on spatial variations of soil moisture but that discussion is beyond the 
scope of this study.   
3.6.2 Spatial variability of canopy vs. lumped representation 
The implications of explicit representation of spatial variability of canopy biomass on the 
domain-scale energy fluxes differ depending on soil wetness conditions. During periods when 
the soil in a forest system is relatively wet, the domain-scale fluxes are nearly identical to fluxes 
simulated with the lumped representation. This is because higher transpiration from canopies of 
larger LAI is balanced by reduced fluxes from trees with smaller LAI. The effect of a particular 
type of LAI spatial variability is insignificant. 
During dry periods, the implications of spatial canopy variations may become more 
pronounced and ultimately play a role in determining the domain-scale fluxes. Specifically, while 
the cases with a uniform shortwave radiation input do not exhibit appreciable differences when 
compared to the lumped case, the spatially varying canopy irradiance and LAI results in 
transpiration flux that is smaller and corresponds to a lower water stress, as compared to the 
results of the lumped representation. As argued, this is because exposed trees experience higher 
radiation load and deplete soil moisture more rapidly; consequently, their transpiration is limited 
by availability of soil water during dry periods. In combination with light-limited transpiration of 
shaded trees, the domain-scale flux becomes lower than that simulated with the lumped case. 
It is believed that the demonstrated non-linearity of response to dry episodes or, more 
specifically, the asymmetry of dynamics at locations of different exposure, meaningfully 
represents ecohydrologic variations at the landscape scale. An indirect but plausible support to 
the statement is recent empirical evidence from tropical forests that demonstrated that exposed 
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trees with larger evapotranspirative demands are more vulnerable to water stress (Phillips et al., 
2010). The conjecture is that in coarse-scale land surface models, with a grid cell size in the 
order of kilometers to dozens of kilometers, the representation of area-averaged dynamics could 
be particularly vulnerable to inconsistencies during dry conditions. It is possible, that this effect 
which reduces the overall spatial extent of soil-moisture stress is, in part, driving an increased 
water use efficiency in structurally diverse forests, a phenomenon that was recently discovered in 
our forest site (Hardiman et al., 2011; Hardiman et al., 2012). 
Note that the LAI over the domain in cases of spatial heterogeneity has a normal 
distribution (Section 3.4.2). When the tree-scale radiation heterogeneity is not considered, the 
domain-scale latent heat with the distributed LAI is nearly identical to the lumped case. As 
indicated by previous studies, the deviation between cases of spatial heterogeneity and the 
lumped case might be more evident when the spatial LAI has a more skewed distribution (Li and 
Avissar, 1994). However, even with the normal distribution of spatial LAI, this study shows that 
large differences in latent heat can occur with the nonlinearity introduced by the tree-scale 
heterogeneous radiation and water stress (Section 3.5.3). The fact that the HETER case has a 
smaller latent heat than the UNFRM case suggests the same direction of sensitivity as in other 
studies (Knyazikhin et al., 1997; Song et al., 2009) but for different reasons. Instead of focusing 
on representing realistic spectral reflection and transmission within crowns, this study 
emphasizes on the nonlinearity caused by the water-constrained transpiration processes of 
exposed trees in dry conditions.  
3.6.3 Key assumptions 
 The simulated cases are subject to a number of assumptions and the associated uncertainties. 
Note that the emphasis here was on linking the effects of two gross structural characteristics (i.e., 
LAI and height) to consequences of vegetation function. Specifically, tree-scale effects on 
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radiative forcing (i.e., “shading” or “exposure” effects) were considered by generating “effective 
input shortwave radiation” above individual canopies. Those were achieved by modifying the 
two-stream radiative transfer approximation for a semi-infinite homogeneous canopy layer. 
Although more sophisticated modeling techniques existed for accurate three-dimensional 
radiative forcing on tree scale (such as ray tracing techniques), their expensive computational 
demands usually prohibit them to be used in ecosystem-scale simulations. Although not exact, 
the modified approach in this study nonetheless explicitly considers the crown properties (height 
and biomass) of neighboring trees and permits qualitatively correct effects of exposure and 
shading related to the actual lidar-derived spatial variation of canopy, resulting in nearly identical 
radiation absorption as compared to the lumped case. 
This study does not represent species-specific differences in optical properties or leaf 
stomatal regulation that can be very important for simulating accurate transpiration rate (Pataki 
and Oren, 2003). Previous studies have demonstrated that ignoring species-specific 
parameterization in the transpiration process (e.g., spectral reflectance and transmission, leaf 
stomatal conductance) may lead to an over-estimated domain-scale transpiration by up to 50% 
during dry periods (Oltchev et al., 2002). Consequently, the HETER simulation case serves as a 
‘virtual’ experiment that relaxes only one of the assumptions traditionally made in coarse-scale 
modeling: spatially uniform radiation forcing. It offers insights of sensitivity highly relevant for 
the development of modeling approaches. A “realistic” representation of the forest would ideally 
consider all other important spatial heterogeneities, i.e., species-specific rooting depth, stomatal 
controls, root architecture, and hydraulic strategies. But this would require collection of 
appropriate data and further research on appropriate parameterizations.  
In particular, root water uptake is a key process controlling the magnitude of transpiration 
and the accuracy of its representation has been generally limited by a number of uncertainties 
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stemming from the difficulties of obtaining relevant observations. This chapter involves two 
major simplifications that are also characteristic of other land surface models applied at 
crown-scale resolution. Firstly, the root water uptake region of an individual tree is confined to a 
single grid cell of 5   5   2 m
3
 dimension. Trees, in reality, may have very extensive root 
systems, e.g., surface roots of a 5-year-old pine [P.pinaster] extend beyond a 5-m radius (Danjon 
et al., 1999), and more mature root systems can extend to over 20 m (Stone and Kalisz, 1991). 
Different species in a mixed forest uptake water from different vertical depth intervals in the soil 
profile (Meissner et al., 2012). Consequently, the modeling assumption is likely to exaggerate the 
simulated spatial variability of moisture. That is, under larger trees, the subsurface is modeled 
drier than in reality, because all uptake is forced to originate within the top 80 cm in a single grid 
cell, and under short trees it is modeled wetter, because the existence of roots from neighboring 
trees is not accounted for. The exact implications are addressed in Chapter 4.  
Secondly, in approximating the effects of water limitation on potential transpiration, the 
model uses the Feddes-type water stress function. This commonly used heuristic function is 
based on species-specific, hard-to-define parameters and is likely too sensitive to moisture 
conditions (Desborough, 1997). It has been shown to lead to simulations where soil control on 
transpiration would set in too early, as compared to observations (Feddes et al., 2001). This has 
inspired further research to capture the 3-D spatio-temporal process of root water uptake more 
adequately (Doussan et al., 2006; Javaux et al., 2008; Schneider et al., 2010), which are 
introduced in 0.  
3.7 Summary 
The coupling mode between spatial canopy and soil moisture variations is sensitive to the 
wetness conditions. The non-linear relationships between radiation heterogeneity and soil 
moisture and leaf area heterogeneity are important in determining the total spatially-aggregated 
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transpiration. However, fine-scale heterogeneity in leaf area and soil moisture and their 
interactions without radiation heterogeneity do not generate a non-linear feedback that affect the 
total mean transpiration over a large area. The lumped representation generates consistent 
domain-scale energy fluxes during wet periods, but may predict larger spatially-aggregated 
transpiration and severer water stress than actual during dry periods. Specifically, non-linear 
responses of water and energy dynamics to the moisture-limiting situation were demonstrated at 
locations with different canopy biomass and light conditions.   
Furthermore, the study presented here incorporated two major simplifications about root 
water uptake that were addressed in Chapter 4. Specifically, (1) the root water uptake of 
individual trees was confined to grid cells where tree stems are located, and (2) the heuristic, 
“Feddes-type” water stress function was used to constrain the transpiration in dry conditions.   
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Chapter 4 : Upscaling microscopic root water uptake to ecosystem-scale 
4.1 Introduction  
The accuracy of current land surface or ecohydrological models can be limited by 
uncertainties in modeling transpiration, and its sensitivity to root zone wetness, especially in dry 
conditions (Desborough, 1997; Feddes et al., 2001; Lai et al., 2000; Zeng et al., 1998). Most land 
surface models use the 1-D Richards’ equation with a sink term to describe the transient water 
flow and soil water uptake (Dickinson et al., 1993; Foley et al., 1996). For water-limited 
situations, the commonly used “Feddes-type” water stress approach may lead to simulations 
where the soil control on transpiration sets in too early as compared to observations (Feddes et 
al., 2001). Previous research effort at the UMBS also shows that, the ecohydrological model 
using this heuristic water stress function indicates severe water-stressed transpiration when soil 
at the shallow depth becomes dry (see Chapter 3). Empirical observation at this study site 
however suggests little control on transpiration by soil wetness near the surface. This is likely 
because the traditional approach cannot mimic the fact that plants uptake water in a 3-D fashion, 
and may have the capability to meet potential transpiration demand by dynamically 
compensating decreased water uptake in dry regions through increased uptake from other 
relatively wetter regions. 
In this chapter, the 3-D root water uptake process of individual trees is simulated and 
scaled to a plot size (~10
2
 m
2
). The main objectives are (1) to gain mechanistic insights about the 
sensitivity of plot-scale transpiration and water stress to the representation of 3-D root water 
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uptake and tree-scale architecture strategies (i.e., lateral spread and rooting depth); (2) to explain 
the difference (if any) in the simulated plot-scale transpiration from the traditional 1-D approach 
(e.g., the “Feddes-type” water stress function and a soil water bucket model) and the 3-D 
approach. 
4.2 Constrained transpiration by the “Fedess-type” water stress function at UMBS 
Soil moisture monitoring at the UMBS site shows frequent dry periods with volumetric soil 
moisture contents dropping to 4% ~ 8% [ 33 mm ] within the top 40-cm layer, where 60 ~ 80% of 
fine roots are located (Figure 1.1). As the soil water availability factor β by the “Feddes-type” 
water stress function is very sensitive to the soil dryness at shallow depths (Equation (1.4)), any 
land surface model with the “Feddes-type” approach applied for the conditions of the UMBS site 
would exhibit a decline of transpiration because of the frequent dry soil conditions near the top. 
This is no exception for simulations with the tRIBS+VEGGIE model. As described in Chapter 3, 
a “big-leaf” simulation case with the “Feddes-type” formulation was run for the 2010 vegetation 
season. As shown in Figure 4.1a, latent heat becomes water-constrained when there are large 
transpiration demands and when the top soil layers are dry. However, analysis of the observation 
datasets at the AmeriFlux shows that, even when shallow soil layers were dry, latent heat might 
still be sustained by the plants (Figure 4.1b). The implication is that, trees might have the 
capability to dynamically adjust the fractional root water uptake at the shallow or deep depths 
according to the spatial distribution of soil water potential.   
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Figure 4.1. A relationship between hourly incoming shortwave and latent heat from simulation (a) 
and measurements (b). The shown data points for (a) and (b) are from day-time period (6 AM to 
8 PM) when the “Feddes-type” water stress function is smaller than one in the “big-leaf” 
simulation case (Chapter 3). The grey dash circle in (a) denotes the simulated water-constrained 
latent heat by the low water content in shallow layers. 
 
4.3 Review of models for 3-D root water uptake 
4.3.1 Modeling the “compensation” effect 
The phenomenon that, plants might be able to change their root water uptake zones 
adaptively to meet transpiration demand even when some parts of roots are water stressed, is 
referred as the “compensation” effect. To simulate the compensation effect, two categories of 
methods have been developed.  
One approach is to empirically compensate the decreased water uptake in one part of the 
root zone (due to low soil water content) by an increased uptake in other locations of soil profile 
(Li et al., 2001; Simunek and Hopmans, 2009; Teuling et al., 2006). For example, a 
dimensionless root water adaptability factor was suggested by Simunek and Hopmans (2009). If 
the ratio of the actual transpiration (determined by the “Feddes-type” approach) to the potential 
transpiration is larger than a defined root adaptability factor, the reduced water uptake in the 
stressed parts of the root is expected to be fully compensated by water uptake from other 
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less-stressed parts. This kind of approach still ignores the actual three dimensional physical 
mechanisms that take place, and lacks the capability to incorporate plant hydraulic process in 
stem xylem, which can exert further control through stomatal closure (more details are discussed 
in Section 5.3). 
Another approach is to model the physical mechanisms of root water uptake in a 
microscopic fashion (Amenu and Kumar, 2008; Doussan et al., 2006; Javaux et al., 2008). The 
water flow within plants starts as a radial flux from soil to root nodes and root segments, and 
propagates along the xylem tubes of root systems axially. Various simplifications of the process 
have been employed, depending on the purpose of a study. For example, water potential was 
assumed to be constant within the root system in the study by Theseira et al. (2003), or root 
system was constructed as a network of parallel pipes consisting of xylem tubes in the study by 
Amenu and Kumar (2008).  
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4.3.2 Review of root architecture models 
Root architectural models have been developed to explicitly describe the deployment (i.e., 
the spatial locations) of root nodes and segments (Diggle, 1988; Dunbabin et al., 2013; Jourdan 
and Rey, 1997; Lynch et al., 1997; Pages et al., 1989). The construction of 3-D root architecture 
usually requires parameters such as primary growth rate, inter-lateral length, branching angle, 
and geotropism (Collet et al., 2006; Dunbabin et al., 2013; Pages et al., 2004; Vercambre et al., 
2003). Such root system characterizations may be obtained from measuring a subsample of roots 
in field.  
One of the most popular models is the RootTyp model developed by Pages et al. (2004). In 
this model, root systems are generated as root segments that are interconnected in a designated 
order. Different orders of segments are assigned with different growth parameters, and the 
overall size of the root system (i.e., lateral spread, or rooting depth) depends on the age of 
growth. The model tracks each root segment by recording its positions, properties, and other 
segments that are connected to it. The deployment and development of a new order or branch is a 
result of random processes of root emission, axial and radial growth, sequential branching, 
reiteration, transition, decay, and abscission. Figure 4.2 shows a comparison of an observed root 
system and a root system simulated by the model RootTyp (Pages et al., 2004).  
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Figure 4.2. A comparison of (a) an observed root system by Kutschera (1960) and (b) a simulated 
root system by the RootTyp model, for a centralized secondary root system for a ryegrass 
[Lolium multiflorum].  
 
 
Godin et al. (1999) developed a multi-scale tree graph approach to describe root 
architectures (MTG’s). The root system is a directed graph with a set of vertices, which are 
connected by binary edges. According to this concept, an AMAPmod software was developed 
(Godin et al., 1999). Studies using the AMAPmod software generated a dataset containing 
recommended parameters for root architectures of various species (Danjon et al., 2008; Danjon 
et al., 1999; Di Iorio et al., 2005; Godin and Guedon, 2001; Khuder et al., 2007; Nicoll et al., 
2006; Tamasi et al., 2005).  
Another type of models may treat root systems as self-similar entities by using the repetitive 
nature of the root structure. For example, Prusinkiewiez et al. (2000) generated a root structure 
based on a “L-system” pattern (Lindenma, 1968). Wilderotter et al. (2003) simulated the root 
growth and root structure with a cellular automaton method. 
While constructing a root system, one should keep in mind that actual root architecture can 
evolve over a long term according to the surrounding soil characteristics and resources states, for 
(a) (b) 
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example, soil or rock barriers, and local dry or moisture spots. This adaptive mechanism of root 
systems may benefit the plant by increasing the overall magnitude of total root water and nutrient 
uptake (Garre et al., 2011).  
4.3.3 Microscopic water transfer process 
With generated root architectures, the microscopic water uptake approach simulates radial 
and axial water fluxes based on water potential gradient between soil and root surface and within 
the root system. The axial (         
   ) and radial fluxes (          
   ) for a root segment 
are described as (Doussan et al., 2006; Schneider et al., 2010):  
                                                                            
 
𝑅𝑎𝑥
 ∆𝜑 𝑜𝑜𝑡 + ∆  ,                                                 (4.1) 
 
     
 
𝑅𝑟
(𝜑 𝑜𝑜𝑡  𝜑𝑠𝑜𝑖𝑙 𝑟𝑜 ),                                              (4.2) 
 
where        
      is the axial root resistance;        is the intrinsic radial root resistance; 
𝜑 𝑜𝑜𝑡      is the root xylem water potential; z is the elevation potential; 𝜑𝑠𝑜𝑖𝑙 𝑟𝑜       is the 
soil water potential at the root surface with a diameter of 𝑟𝑜     ; ∆ is the potential gradient 
(of 𝜑 𝑜𝑜𝑡 or       ) between two connecting root nodes or segments.  
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Figure 4.3. The varied plant root axial and radial hydraulic conductivity with root tissue age 
(Doussan et al., 2006). 
 
 
Root hydraulic properties (    and   ) may vary with the root age (Doussan et al., 2006; 
Doussan et al., 1999; Fiscus, 1972; Schymanski et al., 2008; Zwieniecki and Boersma, 1997), as 
shown in Figure 4.3. The conductance of water flux from soil to root might be further influenced 
by the soil water content, as proposed by Amenu and Kumar (2008).  
4.3.4 Three-dimensional root water uptake coupled with three-dimensional soil water flow 
Doussan et al. (2006) made the first attempt to fully couple the 3-D root water uptake with a 
3-D soil water flow model by solving a system of linear equations that described the root water 
transfer process in the root and soil systems (Figure 4.4). The plant boundary conditions are the 
spatial distribution of soil water potential in grids, and a flux or a fixed water potential at the root 
collar. The microscopic root systems provide sink terms for the 3-D Richards’ equation, then the 
transient soil water content is solved. At each time step, the model generates a three-dimensional 
distribution of water content in the soil, a distribution of xylem water potential within the root 
system, and a total water uptake by the roots. The model’s performance was assessed by 
comparing the simulation outputs with experimental measurements of young plants in 
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homogeneous soil slabs. The experiments measured the spatial and temporal changes of root 
water content by using quantitative imaging techniques such as light transmission and X-ray. 
Both experimental and modeling results revealed that there existed an “extraction front”, i.e., the 
root mainly took up water in a spatial zone between the soil top and the depth of the “extraction 
front”. As the top soil layers became drier and drier, the extraction front propagated deeper with 
time. The water extraction front also denoted that, at times, some parts of the roots (e.g., the 
deeper layer) did not uptake water even though the water was readily available. Nevertheless, the 
modeling results supported the concept of “hydraulic redistribution” observed in the field, i.e., 
water was extracted from deep and moist soil layers by roots and was transported via the root 
xylems to shallow zones where soil water potential was much lower. The hydraulic redistribution 
effect was inherently considered as the direction of radial flow between soil and root was 
determined by the gradient of water potential, it could be oriented either towards the roots (as 
root water uptake) or towards the soil (as hydraulic redistribution). This model is referred to as 
“Doussan model” hereafter.  
Based on the work of Doussan et al. (2006), Javaux et al. (2008) examined the sensitivities 
of the model to parameters such as soil hydraulic conductivity, root radial conductivity, and axial 
conductivity. For example, highly conductive soil promoted root water uptake due to enhanced 
lateral and vertical soil water fluxes but at the same time decreased the spatial variability in soil 
water content. For the radial conductivity, large values increased the amount of water extracted 
by the root. For the axial conductivity, as long as it was high enough to conduct all of the 
extracted water, a further increase did not lead to a different water uptake or soil moisture 
patterns. In all of the explored test scenarios, the aggregated vertical profile of root water uptake 
was different from the profile of root density, especially when conditions lead to water stress. In 
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order to compare the differences in the vertical profiles of root water uptake with that from the 
traditional “Feddes-type” approach, an “effective one-dimensional water stress factor (or soil 
water availability factor)” was calculated by normalizing the uptake fraction at depths by the 
fractional root density. The estimated effective water stress function indicated a different 
relationship between soil water potential and the soil water availability factor as compared to the 
traditional monotonic function from the “Feddes-type” approach (Figure 4.5).  
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Figure 4.4. An iterative computational scheme coupling a three-dimensional microscopic root 
water uptake model with a three-dimensional soil water transfer process, according to Doussan et 
al. (2006). 
 
 
 
 
 
Figure 4.5. A comparison of the effective one-dimensional water stress function (blue open 
circles) simulated by the microscopic approach by Javaux et al. (2008), and the traditional 
“Feddes-type” water stress function (red dashed line).  
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Schneider et al. (2010) further advanced the microscopic root water uptake modeling scheme 
by accounting for a local drop of soil hydraulic conductivity immediately around the root surface 
in the bulk soil. In his “aRoot” model, a variety of root architectures were constructed, which had 
a similar vertical profile of root length density. Despite the similar vertical profile of fractional 
root length density, the varied root architectures resulted in a wide range of vertical profile of 
root water uptake. The differences among these uptake profiles became larger with the 
simulation time. It was also shown that root architectures might have different “critical values” 
in soil moisture to trigger water stress. As shown in Figure 4.6, the water stress was associated 
with a decreased flux at the root collar, and the used 50 root architectures showed different 
critical soil water content (towards the dry end) to have a decreased transpiration flux, mostly 
because of the differences of the spatially-distributed and temporally-varying sink terms of root 
nodes. On the contrary, the traditional “Feddes-type” approach (red line) would constrain 
transpiration using a single critical value SM  in the entire domain, as shown in Equation (1.3). 
Therefore, the “Feddes-type” approach did not capture that fact that, root water uptake behavior 
may vary greatly, even when the soil domains have a similar vertical profile of root biomass 
distribution.  
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Figure 4.6. The varied water-constrained collar fluxes (black lines) for 50 varied individual root 
architectures with a similar vertical profile of root density (Schneider et al., 2010). The x-axis is 
the domain-averaged soil water condition during the simulated time period. The red line 
indicates a traditional time-invariant “Feddes-type” approach for the water-constrained root 
collar flux.  
 
4.3.5 The “Couvreur” approach 
Despite the progress in microscopic root water uptake modeling, most of the models so far 
have been limited to “stand-alone” plants. That is likely because solving the linear system of 
equations that describe the physical mechanisms of water flow from soil to root nodes and within 
root nodes usually involves expensive computational resources even for a single root system. To 
solve the computational challenge, Couvreur et al. (2012) proposed a computationally efficient 
model that implicitly considers the root system hydraulic architecture for simulating distributed 
root water uptake and plant water stress in a 3-D soil water flow models. The “Couvreur” 
approach generates several macroscopic parameters for a root system and the soil grid cells it 
occupies by considering a root architecture, its hydraulic properties, and the soil grid geometry. 
By using the macroscopic parameters, the computational time of this model was shorter by a 
factor of 28 to 214 as compared to root water uptake models that implicitly solve the 3-D 
microscopic process. This has provided a conceptual scheme making it possible to upscale the 
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microscopic root water uptake process of individual trees to a larger scale (more details are in 
Section 4.5).  
4.4 Study site and observation data 
The study site UMBS was described in Section 2.2.1 and Section 3.2. Meteorological 
variables and energy fluxes in the UMBS forest were detailed in Section 2.2.2 and 3.2.2.  
4.4.1 Spatial soil moisture  
Soil moisture was measured over a 50 m 50 m area near the AmeriFlux tower (Figure 
4.8a, b), with a spatial scale of 2 m   10 m. The measurements occurred almost monthly in 
vegetation seasons from year 2009 to 2011, and soil water content was sampled over two 
integrating depths: 20 cm and 40 cm. Two types of hand-held soil moisture sensors were used: 
Hydrosense CD-620 (20 cm, Campbell Scientific., Logan, UT, USA) and MiniTrase kit (40 cm, 
Soil Moisture Corp., Santa Barbara, CA, USA).  
4.4.2 Tree-scale observations: stem location, DBH, and leaf water state 
Tree-scale measurements of stem locations, DBH, and leaf water potential were 
conducted at the UMBS site. Specifically, locations of individual tree stems and their DBH were 
measured in a 50 m   50 m plot during the vegetation season of 2011, the area had a stem 
density of 748 [stems ha
-1
]. Leaf water potential of oak species was measured during vegetation 
seasons of 2011 and 2012 (Caple, 2012; Thomsen et al., 2013). Values of leaf water potential at 
the heights of 2 m or 5 m were measured at different times of the day: predawn, mid-day, and 
late-day (Caple, 2012; Thomsen et al., 2013). On a specific day in the 2011 vegetation season 
(6/26/2011), the leaf water potential of a tall oak tree was measured at 5 different heights ranging 
from 6 m to 20 m, at 6 AM, 9 AM, 1 PM, 5 PM, and 9 PM (Figure 4.7).  
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Figure 4.7. Values of leaf water potential measured on an oak at five heights (6, 9, 12, 14, and 20 
m) at 6 AM, 9 AM, 1 PM, 5 PM, or 9 PM on 6/26/2011 at UMBS. 
 
 
Water potential at the root collar was subsequently estimated, which was used for model 
confirmation (Section 4.7.1). Specifically, using measured values of leaf water potential at 
multiple heights of the oak tree (e.g., 5 heights ranging from 5 m to 20 m), its gradient along the 
stem was estimated to be 0.01 [MPa m
-1
] for time periods when there was little sap flow (e.g., 
pre-dawn), and in a range of 0.01 to 0.05 [MPa m
-1
] for hours when there sap flow was driven by 
transpiration (e.g., mid-day or late-day). With the estimated gradient of leaf water potential along 
the stem and its values at the 2-m and 5-m heights of oak trees, the water potential at the root 
collar was estimated to be in a range of -2 to 0 [MPa] for any time of the day. 
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Figure 4.8. The UMBS site (a): location in Northern Michigan (black box in the contour map of 
Michigan in the upper left corner), the AmeriFlux tower (yellow star), the 50 m   50 m plot 
(red box), where the locations and DBHs of individual trees were measured. The 100 m   100 
m plot used in simulations (b): locations of tree stem (center of black circles), the centered 50 m 
  50 m area (red box) where the locations of trees and their DBH are parameterized according 
to the in-situ measurement. In (b), the size of each tree is denoted by the diameter of the black 
circle, for the convenience of visualization, the shown magnitude of the diameter is four times 
larger than the actual DBH value.  
  
(a) (b) 
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4.5 Simulation configuration and methods 
4.5.1 Simulation domain 
A simulation domain of 100 m   100 m was constructed (Figure 4.8b). In the centered 
50 m   50 m area, the locations and DBH of tree stems were set up as measured at the 50 m   
50 m plot at the UMBS (Section 4.4.2). For the simulation domain outside the centered 50 m   
50 m area, the locations of stem were randomly distributed in a fashion that it has the same stem 
density and probability distribution frequency of DBH as in the centered 50 m   50 m area. 
Stems located within 1.5 meter from each other were assumed to be from a multi-trunk tree, i.e., 
a tree with multiple stems that share the same root system. In that case, an effective DBH was 
calculated to represent the overall size of the multi-trunk tree by using the DBH of the 
corresponding stems: 



N
i
iDBHDBH
1
2
 ,                         (4.3) 
where N is the total number of stems in a multi-trunk tree (i =1, …, N), and iDBH  is the DBH 
of each individual stem. After this procedure, there are 574 stems in the simulation domain, 
which is a drop of 23% from the number of 748 before the procedure.  
Simulations were conducted for a subset of a representative growing season, starting on 
06/07/2010 and ending on 8/23/2010 (in total, 1990 simulation hours). Soil grid cells are in a size 
of 5 m (X-dimension)   5 m (Y-dimension)   0.05 m (Z-dimension). The numerical scheme 
consists of several models: the RootTyp model for root architecture, the “Couvreur” approach for 
fine-scale root water uptake process, the PFLOTRAN model for 3-D soil water transfer process, 
and the tRIBS+VEGGIE model for meteorological boundary conditions (Figure 4.9).  
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4.5.2 Root architecture based on RootTyp 
For each individual tree in the simulation domain, root hydraulic architecture was 
determined by using root networks generated by the RootTyp model (Pages et al., 2004). The 
RootTyp model considers root development processes (such as root emission, axial and radial 
growth, sequential branching, reiteration, transition, decay, and abscission) and plant-specific 
properties (such as inter-lateral length, branching angle, and geotropism). Using the RootTyp 
model, this study generated root networks for oak, whose root system is characterized as the 
“primary root system” (Figure 4.10). A “primary root system” is composed of a primary root and 
of lateral roots that may develop from the primary root as first order, second order, etc (Cannon, 
1949). Other species with different root architectures do exist at the UMBS, but are not 
considered in this study. For example, aspen has the “secondary root system”, which might have 
more than one primary roots (Cannon, 1949). Five root networks for oak were generated based 
on parameters and information of oak root system from Collet et al. (2006). Overall they have a 
vertical profile of fractional root length consistent with the observation (Figure 4.11). The five 
root networks would be referred to as the “study root networks” hereafter.  
Each tree was assigned to have one of the five study root networks in a random fashion; 
the root network was further adjusted according to the size of the tree. Specifically, a value of 
“lateral spread” was used, which is defined as the horizontal distance between the stem base 
location and the location of the furthest root node. The lateral spread was determined using an 
allometric relationship with canopy volume (more details are in Section 4.6.1). According to the 
uncertainty of the allometric relationships, several scenarios of lateral spread were constructed 
(Section 4.6.1). Due to the difficulty of generating a reasonable root architecture with a large 
lateral spread, the root network of individual trees was scaled horizontally (i.e., in X- and 
Y-dimension) to achieve a root architecture that has the desired lateral spread. In a specific 
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simulation scenario (Section 4.6.1), the root network was also scaled vertically, along the 
Z-dimension to obtain different rooting depth.  
 
 
 
Figure 4.9. A conceptual sketch of the coupled models for simulating plot-scale transpiration: 
multiple 3-D root architectures were generated by using the RootTyp model (left panel); the sink 
terms in the k-th grid cell, kSink , were simulated using the “Couvreur” approach (left panel); the 
sink terms kSink  were used by a 3-D soil-water accounting model PFLOTRAN to update the 
3-D distribution of soil water potential ksH ,  in the soil domain (right panel). Boundary 
conditions such as tree-scale potential transpiration potentialT  and net precipitation were derived 
based on the tRIBS+VEGGIE model. 
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Figure 4.10. Two primary root systems generated by the RootTyp model, which were used to 
represent the root architectures of the oak species.  
 
 
 
Figure 4.11. The fractional distribution of root length density in each 20-cm soil layer over the 
top 80-cm depth, derived from the five generated root networks (shown as a range, ‘Sim’) and 
observation (‘Obs’). The observation data points were derived from the median values of fine 
root biomass density measured at UMBS, with an assumption that the conversion factor between 
the root length and root biomass is constant with depth.  
 
4.5.3 Root water uptake based on the “Couvreur” approach  
Magnitudes of root water uptake by each individual tree in soil grid elements were derived 
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by the using the “Couvreur” approach (Couvreur et al., 2012). This “Couvreur” approach 
implicitly considers the 3-D root water uptake process (i.e., radial water flux from soil to root, 
and axial water flow between root segments), and the spatial distribution of soil water potential 
in soil elements which a root system occupies. The analytical solution used to generate sink 
terms for each soil element kinkS  is shown in Equation (4.4) to (4.7): 
pk
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where pkink ,S  is the generated sink term for a root system p (p=1, …. N) in soil grid cell k; 
pactualT ,  is the actual transpiration; ksH ,  is the soil water potential in soil grid cell k; M is the 
total number of soil elements the root system p occupies; pcollarH ,  is water potential at the root 
collar; thresholdH  is the threshold of water potential at the root collar for stomatal closure in 
leaves, which is set to be -2.5 [MPa]; ppotentialT ,  is a potential transpiration for an individual tree 
(Section 4.5.5); kinkS  is the total sink term for the soil element (i.e., in overlapped root zones) 
where exist roots from multiple trees; p,kSUF  is the fractional root water uptake of root system 
p in the soil grid cell k when the soil water potential is spatially uniform; p,compK  is a 
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“compensatory conductivity” for root system p. Note that if pcollarH ,  reaches the threshold value 
of thresholdH , the actual transpiration pactualT ,  is constrained accordingly. 
The values of kSUF  and compK  were pre-determined for each root system by using 
simulation results of the Doussan model that explicitly considers the 3-D root water uptake 
process (Section 4.3.4). Specifically, for each root system, two simulations were conducted using 
the Doussan model with a spatially uniform or heterogeneous distribution of soil water potential. 
When the soil water potential is spatially uniform, the second term of the right hand side in 
Equation (4.4) becomes zero, and the values of kSUF  were derived by using the simulated 
knkSi  and actualT  from the Doussan model. The magnitude of SUF  depends on a specific root 
architecture (e.g., root network and size) and root hydraulic properties (e.g., radial and axial 
hydraulic properties), and is independent of the distribution of soil water potential or 
transpiration rate. For the value of compK , it was derived by fitting Equation (4.4) with the 
simulated knkSi  and spatial distribution of k,sH  from the Doussan model with the spatially 
heterogeneous distribution of soil water potential. The compK  parameter adjusts how strong the 
compensatory root water uptake is in soil elements when the spatial soil water potential is not 
uniform. The value of compK  depends on root axial and radial resistances to water flow in root 
segments of a root architecture. Note that all root architectures used the same set of root 
hydraulic properties and radius for roots from order 0 to 4 (Table 3). A sensitivity test of compK
to different sets of hydraulic properties was presented in Appendix 6.7. The values of compK  are 
positively correlated with the lateral spread of root systems (Figure 4.12), and are not sensitive to 
the rooting depth of the root networks (Figure 4.13). 
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Figure 4.12. A relationship between compK  and (a) DBH or (b) lateral spread of representative 
root systems derived from the five study root networks. The root systems shown in the figure 
have DBHs of 5, 10, 15, 20, 25, 30, 35, 40, 45, and 74 cm, respectively. Different colors indicate 
scenarios of lateral spread (Section 4.6.1): small (blue), benchmark (red), and large (cyan).  
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Figure 4.13. A relationship between compK  and rooting depth of root systems derived from the 
five study root networks. The root systems shown in the figure have a DBH of 40 cm, a lateral 
spread of 25 m (as in the benchmark scenario of lateral spread), and rooting depths of 20, 40, 60, 
80, 100, 120, 140, 160, and 180 cm, respectively.  
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For the convenience of description in a later section (Section 4.7.3), a soil grid cell 
“Uptake Fraction (UF)” was defined, calculated for each soil grid cell as its sink term divided by 
the plot-aggregated sink term (i.e., total transpiration, Equation (4.8)). The UF consists of two 
terms. The first term indicates the fractional root water uptake in a soil grid cell, if the soil 
domain has spatially uniform soil water potential; the second term accounts for the compensatory 
adjustment of root water uptake when there is a spatial variation of the soil water potential in the 
plot. The first and second terms are hereafter referred to as kUF1  and kUF2 , respectively:  

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where kUF  is the Uptake Fraction of a soil grid cell k; q indicates all the soil grid cells in the 
simulation domain (q = 1, …, Q). The sign of the compensatory term kUF2  of a soil grid cell 
depends largely on its relative soil water potential ( ks,H ) as compared with the soil water 
potential in other soil grids ( j,sH ). 
4.5.4 Three-dimensional soil water accounting based on PFLOTRAN 
The spatial distribution of soil water potential was updated at every time step by solving the 
3-D Richards’ Equation using the PFLOTRAN model (Equation (4.10)). The PFLOTRAN 
model is a computationally efficient multiphase flow and multi-component reactive transport 
model (Hammond et al., 2007; Mills et al., 2007). The model is composed of a flow module 
PFLOW and a transport module PTRAN; it solves flow and reactive transport through variably 
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saturated porous media. The model can run in a parallel mode, if needed. The code has been 
successfully used to solve for contaminant migration (Hammond et al., 2008) and impacts of 
CO2 sequestration on hydrologic basins (Lu and Lichtner, 2007; Person et al., 2010). The 
objected-oriented approach of PFLOTRAN is shown in Figure 4.14. Soil properties are 
parameterized as shown in Table 1. 
The PFLOTRAN model is coupled with the “Couvreur” approach through communications 
of sink terms and spatial distribution of soil water potential in soil elements at each time step. At 
the beginning of each time step, the root water uptake model provides a sink term for each 
computational grid cell in the PFLOTRAN domain. The sink term is capped not to exceed the 
maximum available soil water storage in the soil grid cell. The distribution of soil water potential 
is updated (Equation (4.10)). At the end of each time step, the PFLOTRAN domain feedbacks to 
the root water uptake model with updated spatial distribution of soil water potential (Figure 4.9). 
kkk
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, 
(4.10)  
 
where kSM  is the value of soil moisture at a soil grid cell k, )H(K k  is the hydraulic 
conductivity, kH  is the soil water potential, z is the vertical elevation of a soil grid cell.  
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Figure 4.14. A flowchart illustrating procedures, operators, and objects of the PFLOTRAN model 
(Hammond et al., 2008). It is based on an efficient PETSs solver (Portable Extensible Toolkit for 
Scientific computation).  
 
Note that, by considering overlapped zones of root systems (Section 4.5.3), the simulated 
soil water content in those root zones would be influenced by the collective uptake of multiple 
trees.  
4.5.5 Boundary conditions from tRIBS + VEGGIE 
Boundary conditions for the “Couvreur” approach or the PFLOTRAN model such as the 
time series of potential transpiration and net precipitation were generated by using the tRIBS + 
VEGGIE model. The tRIBS + VEGGIE model is a spatially distributed, high-resolution, 
ecohydrological model that represents the essential water and energy processes over a basin and 
links them to plant life regulatory processes (Ivanov et al., 2008a; Ivanov et al., 2008b). The 
processes represented include interception, evapotranspiration, surface energy balance, 
infiltration, snow hydrology, groundwater, runoff, and overland or channel flow (He et al., 2014; 
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Ivanov et al., 2008a; Ivanov et al., 2008b). The lumped “big-leaf” simulation scheme was used, 
where the plot was represented as a single grid cell (as described in Chapter 3). Using 
ecosystem-scale meteorological variables and the vegetation condition at the UMBS (Section 
3.3.4), the time series of net precipitation was generated. For the domain-scale potential 
transpiration (i.e., representing the potential root water uptake within the simulation domain), 
rainfall input was designed in such a way, so as to ensure water-ample condition for all 
simulation hours. Specifically, synthetic rainfall at a rate of 10 [mm hr
-1
] was imposed every 
night, from 11pm to 3am; for all other hours, the observed rainfall time series were used. Based 
on this domain-scale potential root water uptake, each tree was assigned with a specific 
tree-scale potential root water uptake value according to its canopy biomass and the fraction of 
its root system within the 100 m × 100 m plot: 
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(4.11)  
 
where ppotentialT ,  [kg s
-1
] is the potential root water uptake for a root system p in the simulation 
domain (p = 1, …, N); domainpotentialT ,  [mm hr
-1
] is the potential root water uptake of the 
simulation domain; domainA  is the area of the plot (i.e., 100 m
2
); prootF ,  is the fraction the root 
biomass within the simulation domain of root system p; pV  is the volume of the canopy 
biomass, which was calculated as described in Section 4.6.1. 
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4.6 Simulation design 
4.6.1 Cases with 3-D root water uptake based on root architectures  
Scenarios of lateral spread 
Three scenarios of lateral spread were determined for each tree in the simulation domain 
according to allometric relationships in literature relating root lateral spread to canopy size 
(Casper et al., 2003). Specifically, a regression line between root lateral spread and canopy 
volume for humid vegetation systems was determined (Equation (4.12)) based on a study by 
Casper et al. (2003). A scenario of lateral spread inferred from this regression line is referred to 
hereafter as “benchmark scenario”. To represent the uncertainty of this regression line, a 95% 
confidence interval was estimated. According to the low and high bounds of the 95% confidence 
interval (Equation (4.13) and (4.14)), two additional scenarios of lateral spread were generated. 
They are referred to hereafter as “small scenario” and “large scenario”, respectively. The canopy 
volume used in the regression lines was calculated by assuming that the crown has an ellipsoidal 
shape (Equation (4.15)). The height of actual crown layer was assumed to be three fifths of the 
tree height (Equation (4.16)) (Canham, 2005). The height and canopy diameter of a tree were 
derived from their allometric relationships with DBH at UMBS (Equation (4.17) and (4.18)) 
(Garrity et al., 2012a). The relationship between DBH and the lateral spread for different 
scenarios is shown in Figure 4.15.  
The procedure of scaling the root networks to attain root systems of the desired lateral 
spread resulted in root systems with different total root length density. A root system of a larger 
size tends a smaller total root length density (Figure 4.16), and the generated root system might 
involve some artificial areas where there are fewer root segments than in the actual situation. To 
examine the possible effect of the root systems generated from this “scaling procedure” on the 
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simulation results, another simulation case with a “synthetic potential fractional root water 
uptake” was generated (Section 4.6.2).  
)(log*064.0298.0)(log 1010 VL  , (4.12)  
)(log*064.0202.0-)(log 1010 VL   (4.13) 
)(log*064.00.488)(log 1010 VL   (4.14) 
6/** 2' WHV   (4.15) 
HH *6.0'   (4.16) 
61.12)ln(*97.9  DBHH  (4.17) 
90.1)ln(*67.2  DBHW  (4.18) 
     
where L [m] is the lateral spread, V [m
3
] is the canopy volume, 'H  [m] or W [m] are the height 
or width of a canopy volume, H [m] is the tree height, DBH is in unit of [cm].  
Root systems in the small scenario of lateral spread have a relatively smaller size and 
therefore a smaller soil water reservoir they can explore. As an example, a tree with a DBH of 
7.2 cm in the small scenario has a lateral spread of 2.3 m and can access a soil region of ~13 m
3
 
for root water uptake, versus ~ 137 m
3 
in the benchmark scenario with a lateral spread of 7.4 m.  
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Figure 4.15. The relationship between DBH and lateral spread of trees in scenarios of small, 
benchmark, and large lateral spread.  
 
 
Figure 4.16. Root length density (y-axis) of the five basic root network topology scaled to have a 
certain lateral spread (x-axis). The root length density of a root system was calculated as the total 
root length of biomass divided by the total soil volume of grid cells that contain its root 
segments.  
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Scenarios of rooting depths 
Two scenarios of rooting depth were generated for each tree in the simulation domain. 
One scenario assumes that each root system has a rooting depth of ~ 80 cm as indicated by the 
observation at UMBS (Section 4.4.1). This scenario is referred to hereafter as the “spatially 
uniform rooting depth”. The other scenario reflects an observation that rooting depth is usually 
positively correlated with the tree size (Schenk and Jackson, 2002). Specifically, the rooting 
depth of individual trees was linearly interpolated in the range of 20 cm and 180 cm according to 
their values of DBH. For example, the rooting depth of the smallest-size tree was set to be 20 cm; 
the rooting depth of the largest-size tree was set to be 180 cm. This scenario is referred to 
hereafter as the “spatially varying rooting depth”. Note that, the simulation domain in this study 
was set up to have a 2-m depth to avoid additional computational expense, while in natural 
ecosystems, oaks have been observed to have a rooting depth as deep as 5 m (Breda et al., 1995). 
This scenario is therefore only an approximate representation of real conditions and rooting 
strategies by trees in this forest. Nevertheless, it explicitly approaches the observation that 
small-sized trees tend to occupy shallower depth and large-sized trees explore water storage over 
deeper layer. Therefore, this scenario can provide insightful inferences about the sensitivity of 
plot-scale transpiration or water stress to different representations of rooting depth.  
Simulations were conducted by using various permutations of scenarios of lateral spread 
and rooting depths, and they are referred to as “3-D simulation cases”.  
4.6.2 Case with fractional potential root water uptake 
A simulation case with a synthetic fractional potential root water uptake in soil grid cells 
for each root system was generated, by using an approach by Vrugt et al. (2001b). A shape factor 
describing the 3-D spatial distribution of potential root water uptake was generated, and 
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normalized to derive the fractional root water uptake in soil grid cells (Equation (4.20)). This 
function is based on the observation that root length density decays exponentially with distance 
from the location of a stem (Dwyer et al., 1988; Heinen, 2014; Raats, 1974), and an assumption 
that strength of root water uptake is correlated with root length density:  
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where ),,(' zyxf  [-] is the shape factor for potential root water uptake of a soil grid cell 
centered at (x, y, z); ),,( zyxf [-] is the normalized fractional potential root water uptake; Xm, 
Ym, and Zm [m] are the maximum distances of root location in the x, y, and z direction; x*, y*, and 
z* [m] are empirical parameters adjusting the asymmetry of fractional root water uptake in 
horizontal direction or in vertical direction, x*, y* were set to be zero assuming that fractional 
root water uptake is radially symmetric to the stem location on the horizontal plane, and z* was 
set to 0.05 m, assuming that the maximum fractional root water uptake in the vertical direction is 
near the top and at a depth of 5 cm; px, py , and pz [-] are empirical factors, they were set to be 5, 
5, and 1, so that the 3-D distribution of fractional potential root water uptake is consistent with 
the 3-D distribution of the root length density (Figure 4.17). The latter was estimated with the 
five study root networks generated by the RootTyp model (Section 4.5.2). Each root system in 
this scenario was assumed to be of a cylinder shape, with a radius equals to the lateral spread and 
a rooting depth of 80 cm (Figure 4.18). The simulation case is referred to as the “synthetic 
simulation case” hereafter.  
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Figure 4.17. The cumulative fractional root length derived from the five study root networks (red 
stars) within a cylinder space of a certain radius (the cylinder space is centered at the stem 
location); or the cumulative synthetic fractional root water uptake calculated from Equation (4.20) 
for synthetic root systems within a cylinder space of a certain radius (blue lines), the synthetic 
root systems shown in the figure are with a lateral spread of 5, 10, 15, 20, 25, 30, 35, 40, 45, and 
50 m, respectively. In the X-axis, Xm is the lateral spread of the root system. 
 
 
 
Figure 4.18. An example of the 3-D potential fractional root water uptake for a root with a lateral 
spread of 20 m and a rooting depth of 80 cm.  
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This approach eliminates possible “artificial sparse spots” of root water uptake in soil 
grid cells that may be introduced in the process of scaling root networks (Section 4.5.2). This 
approach was then adapted into the scheme of “Couvreur” approach by replacing SUF  with f, 
both of which indicate the potential fractional root water uptake at soil elements when there is no 
water stress. However, as this approach does not generate 3-D networks for root architectures, 
there is no way to generate Kcomp as in the “Couvreur” approach. Thus the same values of Kcomp 
for individual trees as in the “Couvreur” approach were used.  
4.6.3 Cases with 1-D “Feddes-type” approach  
Three simulation cases with the 1-D “Feddes-type” approach for root water uptake were 
generated. Two of them are based on the concept of soil water bucket model (Robock et al., 
1995). The simulation domain was represented as a single grid cell with two different depths: 80 
cm and 2 m. These two simulation cases are hereafter referred to as “80-cm bucket” or “2-m 
bucket”, respectively. Different depths in these two simulation cases have an implication that the 
available water storage for root water uptake is different: the water reservoir is either constrained 
to the top 80 cm, or the top 2 m. In either simulation case, the soil water content was determined 
by input (e.g., net precipitation) and output (e.g., transpiration or water uptake, and drainage) 
mass fluxes in the soil grid cell. When the soil grid cell became dry, a “Feddes-type” soil 
moisture availability factor β was generated to constrain the actual transpiration:  
potentialactual TT *                              (4.21)                                 
  )],1min(,0max[
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

                    (4.22) 
where SM [m
3
 m
-3
] is the estimated soil moisture in the soil grid, SMw [m
3
 m
-3
] is the wilting 
point (Table 1); SM* [m
3
 m
-3
] is the threshold soil moisture for stomatal closure.  
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A third simulation case was designed by using the tRIBS+VEGGIE model. In this case, a 
finely resolved subsurface mesh was used, with 25 nodes resolving the soil profile in the vertical 
direction. The mesh has a higher resolution near the surface and exhibits a coarser resolution at 
greater depths (He et al., 2014; Ivanov et al., 2008a). For this simulation case, a slightly different 
“Feddes-type” soil moisture availability factor β was calculated using the information at each 
depth, details were described in Section 1.1.3 and Equation (1.3) and Equation (1.4). This 
simulation case is referred to as “1-D finely resolved” hereafter.  
The simulation cases with 1-D representation of root water uptake process have the same 
plot-scale potential transpiration and net precipitation, as in the simulation cases of 3-D root 
water uptake process.  
4.7 Results and Analysis  
4.7.1 Model confirmation 
The results of a 3-D simulation case with the benchmark scenario of lateral spread and 
spatially uniform rooting depth were compared with the observations, specifically the spatial 
variations of soil moisture and leaf water potential at root collar. In the simulation, the variations 
of soil water content within the top 20 cm (or 40 cm) depth were in a range of 0.2% to 2.1% [m
3
 
m
-3
] (or 0.3% to 2.2% [m
3
 m
-3
]) (Figure 4.19). This is qualitatively consistent with the range of 
variations observed in the measurement of spatial soil moisture in the 50 m × 50 m plot during 
vegetation seasons (Section 4.4.1). The measurement of the top 20-cm (or 40-cm) soil moisture 
showed variations ranging from 0.5% to 2.0% [m
3
 m
-3
] (or 0.2 % to 2% [m
3
 m
-3
]). Note that the 
measurement has a relatively coarser temporal frequency (~monthly) and a slightly different 
spatial resolution (2 m × 10 m) as compared to the simulation domain (5 m × 5 m).  
Simulated water potential at the root collar is shown to be within the range of -2 to 0 [MPa], 
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which is qualitatively consistent with observations (Figure 4.20). Trees of a larger size tend to 
have a relatively higher negative water potential at the root collar due to the larger transpiration 
demand.  
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Figure 4.19. The simulated hourly spatially mean (x-axis) and standard deviation (STD, y-axis) 
of the top 20-cm soil moisture within the simulation domain (blue dots), and the range of the 
spatial STD of the top 20-cm soil moisture derived from the observation (black dash lines). The 
simulation results or observation range for top 40-cm soil moisture are not shown.  
 
 
Figure 4.20. The simulated time series of water potential at the root collar for a small tree of a 
5-cm DBH (red line), or a large tree of 74-cm DBH (blue line), and the estimated range of water 
potentials at the root collar by observation datasets (black dash line). 
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4.7.2 Compensation effect in 3-D root water uptake process 
The generated plot-scale transpiration from the 1-D or 3-D simulation cases was compared. 
As shown in Figure 4.21, while the 1-D finely-resolved simulation case exhibits constrained 
actual transpiration, the 3-D simulation case shows actual transpiration with similar magnitude as 
the potential transpiration.  
The difference of the cumulative actual transpiration between the two simulation cases 
mainly occurs between hour 800 and 1750, when the transpiration in the 1-D finely-resolved 
simulation case is constrained by the “Feddes-type” water stress factor  . When the shallow 
soil layer with a large amount of root biomass is dry, e.g., the top 20-cm soil layer that contains 
over 50% of the root biomass approaches the wilting point (~4% to 5% [m
3
 m
-3
]), the water stress 
factor is smaller than 1. The fractional root water uptake at deeper layers cannot be larger than its 
fractional root biomass in the root zone even when it is relatively wet (e.g., above 8% [m
3
 m
-3
]) 
(Figure 4.11). For example, the soil layer of 60–80 cm has a fractional root biomass of 6%; as a 
result, the maximum fractional water uptake from this layer is 6%.  
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Figure 4.21. The cumulative plot-scale potential transpiration (“potential”, red line), the 
simulated transpiration from the 3-D simulation case (“3-D”, blue line), and simulated 
transpiration from the -D finely resolved simulation case (“1-D finely resolved”, cyan line). The 
3-D simulation case shown here used scenarios of the benchmark lateral spread and spatially 
uniform rooting depth. 
 
 
The 3-D simulation case, on the contrary, demonstrates dynamic changes of the fractional 
root water uptake across soil layers in accordance with the overall soil wetness condition (Figure 
4.22). For example, during hours when soil layers at depths are wet (e.g., the soil water content 
within the root zone is above 8% [m
3
 m
-3
]), more than 70% of the total water uptake of a root 
system takes place from the first 40-cm soil layer (Figure 4.22a). During hours when shallow soil 
layers become dry (e.g., the soil water content within the top 20 cm is below 8% [m
3
 m
-3
]), the 
simulated amount of root water uptake from the 40-80 cm soil layer could reach as much as 65% 
of the total potential transpiration of an individual tree, while the fractional water uptake from 
shallower layers (e.g., top 40 cm) decreases to ~35% (Figure 4.22b). In summary, in relatively 
dry conditions, the 3-D simulation case demonstrates the capacity of a root system to compensate 
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the decreased root water uptake in the water-stressed regions by increasing water uptake in 
relatively moister regions, generating a plot-scale actual transpiration equal to the potential 
transpiration.  
 
 
Figure 4.22. The fractional root water uptake at soil grid cells for a root system with a DBH of 40 
cm in benchmark scenario of lateral spread at (a) hour 542 when the soil layers at depths were 
wet, and at (b) hour 1692 when shallow soil layers were dry and deep soil layers were relatively 
wetter.  
 
  
 
  
(a) (b) 
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4.7.3 Sensitivity of plot-scale water stress to root architecture: lateral spread and rooting 
depth 
Lateral spread 
Simulation cases using different scenarios of lateral spread were compared, in terms of 
plot-scale water stress, strength of the “compensation effect”, and spatial variation of soil 
moisture.  
As shown in Figure 4.23, the simulation cases with the small scenario of lateral spread 
generate water-stressed transpiration; the cumulative plot-scale transpiration at the end of the 
simulation is smaller than the potential value by ~14 mm or ~10 mm, for the 3-D simulation case 
or the synthetic simulation case. The water-stressed transpiration occurs when some trees reach 
the threshold water potential at the root collar (Figure 4.24).  
The value of the water potential at the root collar depends on the soil water content in soil 
grid cells, transpiration demand, and the property of the root system such as compK  (Equation 
(4.5)). For any simulation hour, with a given soil water potential condition and transpiration 
demand of any root system, a threshold 
compK
~
 can be estimated (Equation (4.23)). Given a 
specific uptake rate, if compK  of a root system is smaller than the calculated compK
~
, then water 
potential at the root collar would reach the threshold value, leading to a water-constrained 
transpiration rate.  
)/(
~
1
,,,, threshold
M
j
pjjsppotentialpcomp HSSFHTK  
 , 
(4.23)  
 
To examine the role of compK  in determining the water stress, values of compK
~
 for root 
systems were estimated for each simulation hour in all simulation cases with different scenarios 
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of lateral spread. As shown in Figure 4.25, for all trees at any simulation hour, the value of 
compK
~
 is positively proportional to the potential transpiration. As an example, for the tree of 
74-cm DBH (Figure 4.25f), at hours when transpiration demands are higher than 0.020 [kg s
-1
], 
the value of compK  has to be larger than 8
810  [m
2
 s
-1
] to avoid water-constrained 
transpiration. As shown in the Figure 4.12a, in the benchmark and large scenarios of lateral 
spread (red and cyan lines), the values of the compK  of the root systems with the 74-cm DBH are 
all above 8 810 [m
2
 s
-1
]; therefore the tree in those two scenarios of lateral spread is not water 
stressed and has the actual transpiration equals to the potential value. On the contrary, in the 
small scenario of lateral spread, the value of compK  could be smaller than 8
810  [m
2
 s
-1
], 
depending on which root network is assigned to this tree of 74-cm DBH. As the same, trees of 
other size in the small scenario of lateral spread have relatively smaller values of compK  as 
compared with benchmark or large scenarios of lateral spread, the smaller values of compK  in 
the former simulation case result in occasional water-stressed transpiration (Equation (4.5) and 
(4.6)). 
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Figure 4.23. The cumulative plot-scale transpiration generated by using (a) the spatially scaled 
root networks or (b) the synthetic fractional potential root water uptake, from the small scenario 
of lateral spread (“3-D small”, blue lines), or transpiration generated by the 1-D finely resolved 
simulation case (“1-D finely resolved”, cyan lines), as compared to potential transpiration 
(“potential”, red lines). The cumulative transpiration by those two 3-D approaches in (a) and (b) 
is smaller than the potential by 14 and 10 [mm], respectively.  
 
 
Figure 4.24. The time series of water potential at root collar (y-axis) for a tree of DBH equals to 
74 cm in the small scenario of lateral spread. The water potential at root collar reached the 
threshold value of -2.5 MPa occasionally, when the boundary condition changed from flux (i.e., 
potential transpiration) to a fixed water potential at the root collar. 
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Figure 4.25. A relationship between the compK
~
 (y-axis) and the potential transpiration of root 
system p ( ppotentialT , , x-axis) for each simulation hour, in the small (blue dots), benchmark (red 
dots), and large (cyan dots) scenarios of lateral spread. The shown root systems were derived for 
trees with a DBH of (a) 5 m, (b) 15 m, (c) 25 m, (d) 30 m, (e) 45 m, and (f) 74 m.  
 
 
  
(a) (b) 
(c) (d) 
(e) (f) 
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The above simulation cases show similarities in the “compensation effect” within the 
simulation domain. As shown in Figure 4.26, in all scenarios, the compensatory term kUF2  of 
soil grid cells (defined in Section 4.5.3) tends to be negative (positive) in relatively dry (wet) soil 
grid cells. This means that the root systems decrease (or increase) their root water uptake 
fractions from these relatively dry (or wet) regions due to the spatially varying hydraulic 
gradients, as compared to that if the soil water potential is spatially uniform. In the scenario of 
the benchmark and large lateral spread, the domain-aggregated kUF2  of the positive sign 
equals to the total sum of the negative kUF2  in all simulation hours, indicating the increased 
amount of root water uptake by root system in the wetter region is entirely compensated by the 
decreased root water uptake in drier regions. As mentioned in Section 4.5.3, the sign of the 
compensatory uptake fraction of a soil grid cell depends on its soil water potential as compared 
to that in other soil grid ( sH ). As shown in the Equation (4.24), a threshold value of soil water 
potential k,sH
~
 can be estimated for each grid cell, such that if the actual soil water potential is 
below this threshold, the compensatory water uptake would be negative.  

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Additionally, these scenarios demonstrate different strengths of the “compensation effect” 
(Figure 4.27). As an example, at hour 1650, the total sum of the compensatory uptake fraction 
kUF2  that has a positive sign in the domain for the scenarios of small, benchmark, or large 
lateral spread is 0.0053, 0.0121, and 0.3915 [-], respectively. The simulation case of the large 
lateral spread demonstrates the strongest “compensation effect”, which is due to the fact that this 
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scenario exhibits root systems with the largest values of compK  as compared to other scenarios. 
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Figure 4.26. The relationship between the compensatory term kUF2  (y-axis) and soil moisture 
kSM  for soil grid cells that contain roots, in scenario of (a) small lateral spread, (b) benchmark 
lateral spread, and (c) large lateral spread, for simulation hour 1692. The definition of kUF2  
was described in Section 4.5.3. 
 
 
 
Figure 4.27. The time series of domain-aggregated kUF2  [-] that has positive sign for 
simulation case with small (blue), benchmark (red), and large (cyan) lateral spread.  
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The simulation case with the small scenario of lateral spread has the largest amount of 
spatial variations of soil moisture as compared with other scenarios (Figure 4.28b, d). This is not 
surprising as the root systems in the small spread scenario are confined to small soil volumes, 
creating localized dry spots. At the same time, the simulation case with small scenario of lateral 
spread has the largest amount of soil water content for hour ~800 to hour ~1600 (Figure 4.28a, c), 
this is because the total root water uptake of root systems in this scenario is less than that in other 
scenarios due to the water-constrained transpiration (Figure 4.23). An interesting implication is 
that, although the small scenario of lateral spread exhibits the largest soil water storage in the 
domain as compared to the other scenarios, the trees are more likely to be water-stressed due to 
the spatial heterogeneity of soil water potential and the existence of local dry spots. In other 
words, the small scenario of lateral spread results in a less efficient water use.  
The synthetic simulation cases show slightly smaller spatial variations of soil moisture in the 
root zone than the 3-D simulation cases (Figure 4.29 and Figure 4.30). For example, for a 
simulation hour 1692, the standard deviation of spatial soil moisture within the root zone of these 
two sets of simulation cases is 1.7% versus 1.9% (the small scenario of lateral spread), 0.7% 
versus 1.1% (the benchmark scenario of lateral spread), and 0.2% versus 0.2% (the large 
scenario of lateral spread). Those two sets of simulation case have similar drainage out of the 
root zone (Figure 4.31). Considering the small amount of differences between those two sets of 
simulation, it is safe to conclude that the scaling procedure of root network (into root system 
with different lateral spread) did not introduce significant “artificial” spatial heterogeneity of root 
water uptake as described in Section 4.5.2.  
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Figure 4.28. The time series of (a, c) spatial mean and (b, d) standard deviation of soil moisture 
[m
3
 m
-3
] within the root zone (top 80 cm), for simulation with (a, b) scaled root network or (c, d) 
synthetic potential root water uptake fractions. The scenarios of lateral spread are small, 
benchmark, and large.  
  
(a) 
(c) (d) 
(b) 
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Figure 4.29. The spatial distribution of soil moisture [m
3
 m
-3
] within (a, b, c) the top 20 cm or (d, 
e, f) the top 80 cm at a simulation hour (hour 1692). The simulation cases with the scaled root 
network and scenarios of (a, d) small lateral spread, (b, e) benchmark lateral spread, and (c, f) 
large lateral spread. All simulation cases shown here used the scenario of spatially uniform 
rooting depth. The spatial distribution of the top 20-cm soil moisture in these three scenarios 
showed a similar mean value of 12% or 11% [m
3
 m
-3
], and a standard deviation of 1.1%, 0.6%, 
and 0.5%, respectively.  
  
 X [m]
 Y
 [
m
]
80 cm: 1692hr
 
 
0 20 40 60 80 100
0
10
20
30
40
50
60
70
80
90
100
0.08
0.09
0.1
0.11
0.12
0.13
0.14
 X [m]
 Y
 [
m
]
80 cm: 1692hr
 
 
0 20 40 60 80 100
0
10
20
30
40
50
60
70
80
90
100
0.08
0.09
0.1
0.11
0.12
0.13
0.14
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
136 
 
  
 
 
Figure 4.30. The spatial distribution of soil moisture [m
3
 m
-3
] with (a, b, c) the top 20 cm or (d, e, 
f) the top 80 cm at a simulation hour (hour 1692). The simulation cases with the synthetic 
fractional potential root water uptake and scenarios of (a, d) small lateral spread, (b, e) 
benchmark lateral spread, and (c, f) large lateral spread. All simulation cases shown here used the 
scenario of spatially uniform rooting depth. The spatial distribution of the top 20-cm soil 
moisture in these three scenarios showed a similar mean value of ~11% or 10% [m
3
 m
-3
], and a 
standard deviation of 0.9%, 0.5%, and 0.2%, respectively. 
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Figure 4.31. The cumulative drainage at the bottom of root zone (80 cm) for (a) 3-D simulation 
cases and (b) synthetic simulation cases, with scenario of small, benchmark, and large lateral 
spread. 
 
 
To better understand how the overlapped root zones influence the dynamics of uptake and 
the spatial variability of soil moisture, three sets of “standalone” simulations were conducted 
with a single or two trees in the simulation domain. The first set of “standalone” simulations has 
a single tree of 25-m DBH in the domain. This tree is referred as “Tree1” hereafter (Figure 4.32). 
This set of “standalone” simulations contains three cases which correspond to the root system of 
different lateral spread: small scenario (blue circles), benchmark scenario (red circles), or large 
scenario (cyan circles). In the second set of “standalone” simulation, an additional tree of 25-m 
DBH was introduced in the domain and those two trees are located 20-m away from each other 
(Figure 4.32), this tree is referred as “Tree2” hereafter. This set of simulation also contains three 
cases corresponding to the lateral spread scenarios of small, benchmark, or large lateral spread. 
The third set of simulations also has two trees in the domain, but those two trees were located 
closer with each other, e.g., 10 m, or 5 m (Figure 4.35a, b, and c; and Figure 4.36a, b, and c). 
This set of simulation contains cases corresponding to the lateral spread scenarios of benchmark 
and large. All of the simulation cases here have the time series of averaged tree-scale 
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transpiration demand and the net precipitation as used in the plot-scale simulations.  
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Figure 4.32. A conceptual sketch of two trees (grey dots, “Tree1”, and “Tree2”) of 25-cm DBH 
that are located 20-m apart. Their root lateral spreads are 6 m, 19 m, and 30 m in scenarios of 
small (blue), benchmark (red), and large (cyan), respectively. The trees were assigned with the 
median values of the Kcomp inferred from the five root networks. Specifically, the Kcomp is 5.6 
×10
-8
, 1.4×10
-7
, and 1.8×10
-7
 [m s
-2
] for the lateral spread scenario of the small, benchmark, and 
large, respectively.  
  
Tree1 Tree2 
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The first set of simulations with a single tree was compared with the second set of 
simulations with two trees, to examine how the existence of a neighboring tree influences the 
spatial pattern of root water uptake. The effect of introducing a neighboring tree Tree2 is found 
to be sensitive to the scenario of lateral spread. For the small scenario of lateral spread, the 
spatial pattern of root water uptake of a Tree1 does not change significantly when the 
neighboring Tree2 is introduced (Figure 4.25a, b). This is consistent, as the root systems in this 
scenario are small and do not have overlapped root zones. In simulations with the scenarios of 
benchmark or large lateral spreads, for Tree1 without a neighboring tree, the root water uptake is 
symmetrical with respect to the stem location. That is, the tree takes up half of its total 
transpiration from the left and right side of the soil domain. When the neighboring Tree2 is 
introduced to its right, Tree1 is shown to uptake more water uptake from the soil domain on its 
left side, as this region has more soil water than the soil domain on its right.  
Specifically, the effect of the overlapped root zone on the spatial pattern of root water uptake 
was quantified by examining the spatial distribution of the compensatory term kUF2  (Figure 
4.35 and Figure 4.36). The total kUF2  of Tree1 in the soil domain on its left or right side was 
calculated and compared among simulation cases in the second and third sets of simulations, 
which involve different overlapped root zone areas with Tree2. As an example, in the simulation 
case with two trees located 5-m away (Figure 4.35a), averaged over all simulation hours when 
there are transpiration demands (Figure 4.35d), the total kUF2  of Tree1 from the soil domain to 
its left is 0.07 [-] versus -0.07 [-] from the soil domain to its right where the neighboring Tree2 is 
located. This means Tree1 increases its root water uptake in the relatively wetter soil domain to 
its left by an amount of 7% of the total transpiration of the two trees (see the definition of kUF2  
in Equation (4.8) and Equation (4.9)), compensating the decreased root water uptake in the 
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relatively drier soil domain to its right. This expresses the adjustment of fractional root water 
uptake of trees as a result of the competition of water resources with neighboring trees. If the 
neighboring Tree2 is located further away (e.g., 10-m, or 5-m), as the overlapped root zone area 
and the associated water competition among trees is decreased, the adjustment of fractional root 
water uptake by Tree1 tends to be less (as shown in Figure 4.37, moving from the left side to the 
right side). The spatial pattern of root water uptake Tree1 in the simulation cases with the large 
scenario of lateral spread (Figure 4.36a, b, c) is less affected by the existence of neighboring 
Tree2, as compared to that with the benchmark scenario of lateral spread. This is mainly because 
in the former simulation cases, the transpiration demand is distributed in a relatively larger soil 
space, thus the difference of soil moisture in the overlapped and non-overlapped zone is less than 
that in the latter simulation cases.  
Tree1 in all the simulation cases demonstrates consistent compensatory effect in the vertical 
direction, regardless the extent of overlapped root zones with Tree2 (Figure 4.38). For example, 
when the top 20-cm soil layer is relatively drier as compared to the root-zone average situation, 
the temporally-averaged total kUF2  from Tree1 within the top 20-cm layer (or deeper layer) is 
negative (or positive) (Figure 4.35g, h, i; and Figure 4.36g, h, i). This means the root system 
decreases root water uptake from the dryer shallow layer and increases the uptake from the 
deeper and more moisture layer. Vice versa, when the deeper soil layer is relatively drier, the 
root system uptakes more water from the shallower and wetter layer, to compensate the 
decreased uptake from the deeper and drier layer (Figure 4.35j, k, m; and Figure 4.36j, k, m).   
142 
 
 
 
 
 
Figure 4.33. The spatial distribution of the hourly averaged root water uptake (in an unit of [kg 
s
-1
]) at soil grid cells on the vertical plane of y = 50 m, for (a, b, c) the first set of “stand-alone” 
simulation cases with only one tree, or (d, e, f ) the second set of “stand-alone” simulation cases 
with two trees and overlapped root zone, with scenarios of (a, d) small, (b, e) benchmark, and (c, 
f) large lateral spread.   
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
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Figure 4.34. The spatial distribution of the hourly averaged soil moisture (in an unit of [m
3
 m
-3
]) 
at the vertical plan of y = 50 m, for the second set of “standalone” simulation in in which two 
trees are located 20-m apart, and with scenarios of (a) small, (b) benchmark, or (c) large lateral 
spread.   
  
(a) (b) (c) 
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Figure 4.35. The location of Tree1 (black circle on the left) and Tree2 (black circle on the right) 
in simulation cases where they are located (a) 5-m, (b) 10-m, or (c) 20-m away and with the 
benchmark scenario of lateral spread (red circles); and the temporally-averaged compensatory 
term kUF2  (in an unit of [-]) of Tree1 at soil grid cells on the vertical plane of y = 50 m where 
Tree1 and Tree2 are located (d, g) 5-m, (e, h) 10-m, or (f, i) 20-m away, over all simulation hours 
with transpirational demand (d, e, f), or over simulation periods when the soil in the top 20-cm 
depth is (g, h, i) drier or (j, k, m) wetter than the soil in the root zone.  
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Figure 4.36. The location of Tree1 (black circle on the left) and Tree2 (black circle on the right) 
in simulation cases where they are located (a) 5-m, (b) 10-m, or (c) 20-m away and with the large 
scenario of lateral spread (cyan circles); and the temporally-averaged compensatory term kUF2  
(in an unit of [-]) of Tree1 at soil grid cells on the vertical plane of y = 50 m where Tree1 and 
Tree2 are located (d, g) 5-m, (e, h) 10-m, or (f, i) 20-m away, over all simulation hours with 
transpiration demand (d, e, f), or over simulation periods when the soil in the top 20-cm depth is 
(g, h, i) drier or (j, k, m) wetter than the soil in the root zone.  
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Figure 4.37. The relationship between the percentage of Tree1 root zone that has the overlap with 
the Tree2 root zone (x-axis) and the temporally-averaged total compensatory term kUF2  (in an 
unit of [-]) in the soil domain to the left of Tree1 (y-axis) for simulation cases with scenarios of 
benchmark (red colors) or large lateral spread (cyan colors), during all simulation hours 
(“benchmark: all”, “large: all”), or simulation hours when the top 20-cm layer is drier than the 
root zone (“benchmark: drier top 20-cm”, “ large: drier top 20-cm”), or simulation hours when 
the top 20-cm layer is wetter than the root zone (“benchmark: wetter top 20-cm”, “large: wetter 
top 20-cm”). From the left to the right, the corresponding simulation cases are two trees located 
5-m, 10-m, and 20-m away.  
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Figure 4.38. The relationship between the percentage of Tree1 root zone that has the overlap 
with the Tree2 root zone (x-axis) and the temporally-averaged total compensatory term kUF2  
(in an unit of [-]) in the top 20-cm layer (y-axis) for simulation cases with scenarios of 
benchmark (red colors) or large lateral spread (cyan colors), over simulation hours when the top 
20-cm layer is drier than the root zone (“benchmark: drier top 20-cm”, “ large: drier top 20-cm”), 
or simulation hours when the top 20-cm layer is wetter than the root zone (“benchmark: wetter 
top 20-cm”, “large: wetter top 20-cm”). From the left to the right, the corresponding simulation 
cases are two trees located 5-m, 10-m, and 20-m away. 
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Rooting depth 
Results from the simulation cases using scenarios of spatially uniform or varying rooting 
depths are compared. As expected, the simulation case with the spatially varying rooting depth 
shows more spatially heterogeneous distribution of the root water uptake (Figure 4.39), as some 
root systems can uptake water from soil layers deeper than 80 cm. The spatial distribution of soil 
moisture from those two sets of simulation cases showed slightly different spatial distribution of 
soil moisture (Figure 4.40).  
 
Figure 4.39. The spatial distribution of the hourly averaged root water uptake (in an unit of [kg 
s
-1
]) at soil grid cells on the vertical plane of y = 50 m, for simulation case of (a) spatially 
uniform rooting depth, and (b) spatially varying rooting depth. The shown figures are from 
simulation cases with benchmark scenario of lateral spread.  
 
 
Although those two sets of simulation cases demonstrated different spatial distribution of 
soil water potential, the plot-scale transpiration from those two sets of simulation cases are 
almost the same. Specifically, when the small scenario of lateral spread is used, the simulation 
case with the spatially varying rooting depth also shows water-constrained plot-scale 
transpiration, the cumulative value of which during the simulation period is smaller than the 
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potential value by ~13 mm. Although relatively tall trees have access to water resources at deep 
depth, they could still be water stressed when their compK  are smaller than compK
~
 (Equation 
(4.24)).  
 
 
 
Figure 4.40. The spatial distribution of the hourly averaged volumetric soil moisture (in an unit 
of [m
3
 m
-3
]) at soil grid cells on the vertical plane of y = 50 m, for simulation case of (a) spatially 
uniform rooting depth, and (b) spatially varying rooting depth. The shown figures are from 
simulation cases with benchmark scenario of lateral spread. 
 
4.7.4 Comparison with the “bucket” model  
The “80-cm bucket” simulation case demonstrates a severe water stress of transpiration 
because of its overly dry soil between hour 1000 and 1600. The “2-m bucket” simulation case 
demonstrates sustained transpiration throughout the entire simulation period (Figure 4.41). This 
is because the latter simulation case has a larger soil water storage available for root water uptake, 
as compared to the simulation case of the 80-cm depth: the average water storage in the domain 
was 69 mm (in simulation case of 80-cm depth) versus 209 mm (in simulation case of 2-m 
depth).  
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Figure 4.41. A comparison of cumulative transpiration simulated with the soil water bucket 
model that have different depths: 2 m (“water bucket – 2 m”, blue line), or 80 cm (“water bucket 
– 80 cm”, cyan line). The potential transpiration is indicated by the red line.  
 
4.8 Discussion  
4.8.1 Significance of representing 3-D root water uptake process 
The simulation domain that considers the 3-D root water uptake process is shown to be 
less water stressed, as compared to that with the 1-D representation of root water uptake (i.e., the 
1-D finely resolved simulation case, and the water bucket model with the 80-cm depth). For the 
studied forest ecosystem, the difference of cumulative transpiration during a vegetation season 
by the two types of approaches (i.e., 3-D versus 1-D) varies in the range of 8% to 20% (Section 
4.7.2, and Section 4.7.4). The discrepancy of those two approaches may differ for other 
ecosystems, depending on plant characteristics (root architecture and hydraulic strategies), 
spatial distribution of stem locations, soil properties, and climate characteristics (e.g., 
precipitation pattern). For example, different precipitation pattern could result in varying 
available water in the shallow layers, and influencing the onset and magnitude of water stress in 
both the 1-D approach and 3-D approach (Manoli et al., 2014).  
The simulated plot-scale transpiration was not compared with the measured latent heat, as 
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the measurement might be underestimated by ~20% (Section 3.3.4). Despite the uncertainty of 
the measured latent heat, analysis of the temporal correlation between soil water content in root 
zone and measured latent heat indicated that, the actual evapotranspiration was not constrained 
even when the soil moisture in the top 20-cm or 40-cm layer was near the residual value. This 
empirical observation is supported by the simulation results of the 3-D root water uptake 
approach, i.e., that plant roots have the capability to meet potential transpiration by dynamically 
adjusting root water uptake density according to the distribution of hydraulic gradients in the root 
zone.  
The 1-D water bucket model of larger size (e.g., 2 m) generates non-stressed plot-scale 
transpiration as in the simulation case with the 3-D root water uptake process. However, the 1-D 
water bucket model uses coarse spatial resolution and ignores the propagation of infiltration front 
in the vertical direction. As a result, it neglects the fine-scale spatial heterogeneity of soil 
moisture, which nonlinearly influences plot-scale drainage and streamflow (Vrugt et al., 2001a) 
in land surface models. Therefore, the choice of 1-D or 3-D component of root water uptake 
would depend on study specific purposes.  
4.8.2 Sensitivity of plot-scale water stress to root hydraulic architecture and lateral 
interactions 
The plot-scale transpiration or water stress is found to be sensitive to different 
representations of lateral spread. If a tree has a relatively larger lateral spread, it tends to be less 
water stressed. This is because the values of compensatory conductivity Kcomp increase with the 
lateral spread (Section 4.5.3). This result is consistent with the intuition that, a larger root system 
may be associated with a stronger capacity to compensate decreased root water uptake in dry 
regions by adjusting uptake in wetter regions. Simulation results indicate that, an optimal degree 
of lateral spread may exist for an individual root system, which makes the root system has a 
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compensatory conductivity Kcomp that is always larger than the a threshold value ( compK
~
) at any 
time with the minimum root length (thus minimum metabolic cost of expanding the root system). 
A larger lateral spread beyond the optimal scale won’t imply higher “efficiency” in root water 
uptake, the efficiency here can be defined as the amount of root water uptake per root length. For 
example, if a tree in the benchmark or large scenarios of lateral spread have the same amount of 
transpiration (i.e., equals to the potential value), the tree in the former case has a higher 
“efficiency” as it has a less amount of root length than in the latter case. 
The plot-scale transpiration is shown to be barely sensitive to the different representations 
of rooting depth (i.e., spatially uniform or heterogeneous rooting depth). This is probably 
because the values of Kcomp by the “Couvreur” approach are insensitive to the rooting depth of 
root networks (Figure 4.13), trees with deeper root systems can still be water stressed despite 
access to more water resources. 
4.8.3 Effect of assumptions 
This study involves several assumptions and the major effect of them is discussed below.  
First of all, all root systems were considered as the oak species that exhibit the primary 
root system. Other species with different root systems may demonstrate varying root architecture 
and hydraulic properties (e.g., aspen has a secondary root architecture system), thus influencing 
the spatial distribution of soil moisture and the sensitivity of plot-scale transpiration to the 
overall soil water state. However, the implication that the modeling approach with the 3-D root 
water uptake tends to generate less water-limited transpiration as compared with 1-D approaches 
should remain unchanged.  
Secondly, in this study, the root topologic networks were scaled spatially to have the 
desired values of lateral spread. There is a concern that for root systems with a large lateral 
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spread this process may generate artificially sparse root density at certain locations in the 
simulation domain, thus reducing the fractional root water uptake at that location. This would 
lead to artificial spatial heterogeneity of soil water content in simulations. A scenario with a 
synthetic potential fractional root water uptake was generated to evaluate the significance of the 
scaling process; this scenario was supposed to generate a reasonable spatial distribution of the 
potential water uptake fractions in soil grid cells. A comparison of the simulation results appears 
to demonstrate that the scaling process does not introduce significant difference in the spatial 
distribution of soil moisture or plot-scale transpiration.  
Thirdly, certain hydraulic strategies of root water uptake have not yet been incorporated 
in this study. For example, an oak root system can reach as deep as 5 m (Breda et al., 1995) or a 
depth of the groundwater. The latter situation may enhance trees’ capability to meet the potential 
transpiration demand regardless of the wetness condition in the unsaturated zone above the water 
table. This study used a soil domain with a 2-m depth due to the concern of the computational 
expense; and therefore all simulation cases used rooting depths smaller than 2 m. The 
simulations approached the observation that small-size trees tend to occupy small soil space and 
large-size trees might explore more soil water storage in a greater size of soil space. 
Last but not the least, there are a few simplifications of the boundary conditions and 
parameterizations used for the 3-D simulation cases. First, the net precipitation input to the 
domain was assumed to be spatially uniform. An accurate representation of the spatially varying 
net precipitation (due to the spatially heterogeneous canopy) would require more advanced 
fine-scale measurements. Secondly, the soil evaporation was not considered in the domain, 
which might lead to an even drier simulation soil domain, especially near the top. Thirdly, there 
exist uncertainties in parameters such as radial and axial conductance, and their variation with 
root order. More conductive root systems were shown to have a stronger “compensation” effect 
due to relatively larger value of the compensatory conductivity. 
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4.9 Summary 
In this chapter, a microscopic root water uptake model based on the “Couvreur” approach 
was coupled with a 3-D Richards’ equation solver PFLOTRAN to simulate a plot-scale 
transpiration. The study was conducted using spatially varying forest setting near the UMBS, 
where observational evidence suggests little or no control of transpiration by soil moisture. Yet, 
the commonly used 1-D “Feddes-type” approach implies severe water limitation on transpiration 
during dry episodes of growing season.  
Through an improved spatiotemporal representation of small-scale root water uptake process, 
the microscopic modeling framework led to a better agreement with the observational data as 
compared to the 1-D “Feddes-type” approach. During dry periods, relatively high transpiration 
demands are sustained, as the main root water uptake regions shift from densely to sparsely 
rooted layers, or from drier to moister soil areas. The plot-scale transpiration or water stress is 
shown to be sensitive to different representations of lateral spread, but insensitive to different 
representations of rooting depths. If a tree has a relatively larger lateral spread, it tends to be less 
water stressed due to its stronger capacity to compensate decreased root water uptake in dry 
regions by increasing root water uptake in relatively wetter regions. The dynamical 
compensatory effect of root systems increases with the extent of overlapped root zone with 
neighboring root systems. The simulation domain with larger root systems and a higher degree of 
overlapped root zones, tends to have a less spatial heterogeneity of soil moisture and a later onset 
of plot-scale water stress.  
Although the 1-D soil water bucket model with the 2-m depth also generated unconstrained 
plot-scale root water uptake, it uses coarse spatial resolution and ignores the propagation of 
infiltration front in the vertical direction. Therefore, it lacks the ability to consider fine-scale 
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spatial heterogeneity of soil moisture, which nonlinearly influences plot-scale drainage and 
streamflow in the land surface models.   
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Chapter 5 : Summary and future directions 
5.1 Summary and conclusion 
5.1.1 Temporal dynamics of soil moisture after a prescribed intermediate disturbance: 
impact of crown-scale canopy biomass on soil wetness state and root water uptake profile 
An intermediate disturbance was prescribed in in a northern temperate mixed forest near 
the University of Michigan Biological Station (UMBS). The disturbance was conducted through 
stem girdling of all canopy-dominant, early successional aspen and birch trees to simulate the 
anticipated large-scale succession process in the Upper Great Lakes area. Measurement data 
were collected at the four plots to provide observational evidence of changes in hydrological 
dynamics that were induced by species-specific crown-scale disturbances of the canopy 
structure.  
Data analysis reveals that soil water storage under the girdled aspen was persistently 
higher, as compared to the undisturbed plots over the observational period of 2009 through 2011. 
It was argued that the larger water storage resulted from increased net precipitation and reduced 
transpiration during growing seasons following the girdling operation. These processes 
“outcompeted” the presumably enhanced interception and transpiration by understory plants as 
well as increased soil evaporation. Additionally, surface soil layer at the disturbed plot exhibited 
highest temporal variability among all monitored plots. The moisture profiles at the four plots 
were different, with the disturbed plot exhibiting relatively wetter shallow soil layers. 
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Furthermore, water loss at the disturbed plot was concentrated in shallower soil layers, signifying 
a shift of root water uptake and/or change of dominant processes. 
5.1.2 Eco-hydrologic effects of heterogeneous vegetation canopy on temporal and spatial 
variations of energy fluxes and their coupling with soil moisture 
A high-resolution, physically-based ecohydrological model tRIBS + VEGGIE was used as a 
data integration tool to upscale spatial heterogeneities resolved at a tree-scale to a coarse-scale 
(several kilometers). Several scenarios of tree-scale leaf area, soil moisture, and radiative forcing 
spatial variability were designed. A scenario with a spatially uniform canopy, corresponding to 
the commonly used “big-leaf” scheme in land surface parameterizations was used to infer the 
effects of coarse-scale averaging.  
The results show that heterogeneous canopies adjust spatial soil water state to the scaled 
inverse of the canopy biomass by transpiring spatially varying amounts of water, regardless of 
the initial moisture state. The tree-scale effects on light exposure and shading result in smaller 
spatially aggregated transpiration and lower water stress, as compared to the results of the 
lumped representation. Specifically during dry period, exposed trees experience higher radiation 
load and deplete soil moisture more rapidly; consequently, their transpiration is limited by 
availability of soil water. In combination with light-limited transpiration of shaded trees, the 
domain-scale flux becomes lower than that simulated with the lumped case. 
Note that the demonstrated water stress in Chapter 3 is based on a heuristic Feddes-type 
water stress function which might predict unreal water stress, as well as an assumption that root 
water uptake region of an individual tree is within a single grid cell of 5   5   2 m
3
 
dimension. The water stress of larger trees might be exaggerated as all of its uptake is forced to 
originate within the top 80 cm in a single grid cell and there its subsurface might be modeled 
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drier than in reality. On the other hand, the water stress of short trees might be underestimated, 
because the existence of roots from neighboring trees was not accounted for and the subsurface 
might be modeled wetter than in reality. These constraints were released in Chapter 4 by 
considering 3-D root system for trees of varying sizes.  
5.1.3 The importance of representing 3-D root water uptake in plot-scale simulations 
The microscopic root water uptake process of individual trees into was upscaled to a plot 
scale (10
2
 m
2
) based on the “Couvreur” approach. Through an improved spatiotemporal 
representation of small-scale root water uptake process, the microscopic modeling framework 
leads to a set of simulation results that are in a better agreement with the observational data, 
showing less water stress as compared to that simulated by the heuristic 1-D approach. During 
dry periods, relatively high transpiration demands are sustained, as water uptake regions shift 
from densely to sparsely rooted layers, or from drier to moister soil areas. This microscopic 
approach can simulate plant’s ability to compensate the suppressed root water uptake in 
water-stressed regions by increasing uptake density in wetter regions. The plot-scale 
transpiration is shown to be sensitive to different representations of root lateral spread. The 
dynamical compensatory effect of root systems in the domain increases with the extent of 
overlapped root zone with neighboring root systems. Simulation domain with larger root systems 
higher degree of overlapped root zones also tends to have less spatial heterogeneity of soil 
moisture. 
Note that, in Chapter 4, a relatively tall tree with a larger lateral spread tends to be less water 
stressed because of its stronger capability of adjusting its spatial root water uptake density 
according to the spatially heterogeneous soil water potential. This result was derived from a 
numerical scheme that considers the 3-D root systems for trees of different sizes, i.e., tall trees 
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can uptake water from a soil space much larger than the dimension of 5   5   2 m
3
 used in 
Chapter 3, and the existence of overlapped root zones is accounted for.  
5.2 Critical assumptions of this study 
There are several critical assumptions in modeling. Their possible effects are summarized as 
below.  
5.2.1 Tree-scale heterogeneous radiative forcing 
In Chapter 3, tree-scale effects on radiative forcing (i.e., “shading” or “exposure” effects) 
were considered by generating “effective input shortwave radiation” above individual canopies. 
The “boundary effects” for individual crowns was generated by modifying the two-stream 
radiative transfer approximation for a semi-infinite homogeneous canopy layer (Dickinson, 1983; 
Sellers, 1985). Although not exact, the modified approach nonetheless permitted qualitatively 
correct effects of exposure and shading related to the actual Lidar-derived spatial variation of 
canopy “topography”. Yet, the scheme is not a true physical solution of the 3-D effects of canopy 
structure on radiative transfer and the role of such characteristics as outer canopy surface, 
bottom-heaviness of canopy, vertically elongated space, and leaf inclination angle distribution, 
among others cannot be addressed (Parker et al., 2004; Wang and Jarvis, 1990). These axes of 
variation can be vital for exploring even finer scales of heterogeneity. For example, in an 
empirical study carried out at the UMBS forest, Hardiman et al. (2011) showed that a higher 
degree of canopy heterogeneity (expressed as a 3-D arrangement of both overstory and 
understory biomass) can lead to an enhanced aboveground biomass production. Such an increase 
in light-use efficiency can be significant for system scale energy-soil moisture interactions but 
require a higher level of complexity in a modeling approach that is not currently feasible for the 
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space-time scales considered in this study.  
5.2.2 Species-specific differences  
This study did not represent species-specific differences in root architectures, canopy 
biomass optical properties, and leaf stomatal regulation that might be very important for accurate 
simulation of the transpiration rate. The impact of ignoring those species-specific variations on 
the larger scale transpiration is still unclear. A better representation of the forest with those 
species-specific differences needs further collection of fine-scale data and research on 
appropriate parameterizations. For this matter, possible directions for future developments were 
discussed in Section 5.3.  
5.2.3 Root architecture of mature trees 
The studied forest ecosystem involves large mature tree systems, e.g., the lateral spread is at 
a scale of tens of meters. Due to the difficulty of the current root architecture models to generate 
reasonable root architectures for such a large scale, this study used two approaches to 
approximate the distribution of root nodes in a three-dimensional domain. One approach is by 
spatially scaling root networks generated by a root architecture model (at a scale of few meters) 
to root systems with the desired magnitude of lateral spread. The other approach is a heuristic 
three-dimensional root water uptake function based on the common assumption that the potential 
root water uptake fraction is proportional to the fractional root biomass and the amount 
exponentially decreases with the distance to the stem location. To completely solve this issue, 
more practical models of root architecture are needed.  
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5.2.4 Boundary conditions for microscopic root water uptake 
There are two simplifications of the boundary conditions for the microscopic root water 
uptake model. One simplification is about the transpiration demand. The potential transpiration 
demand is first prescribed at the root collar, and when the simulated water potential at the root 
collar drops below a threshold value (i.e., the root system is water stressed), the boundary 
condition at the root collar is switched to a fixed water potential value. In reality, a water 
potential gradient exists from the root systems to stem and to leaves along the soil-vegetation- 
atmosphere (SVAT) continuum (Jackson et al., 2000b). This continuum is driven by the 
atmospheric water demand at the leaves and soil control of the flux. The stomata control of the 
leaves might constrain the transpiration. For this matter, possible directions for future 
developments were discussed below (Section 5.3).   
The other simplification concerns the spatial distribution of precipitation. Net precipitation 
over the domain was generated by assuming spatially uniform interception of the canopy. An 
accurate representation of the spatially varying net precipitation (due to the spatially 
heterogeneous canopy) would require more advanced fine-scale measurements.  
 
5.3 Possible future directions 
5.3.1 Root architecture and dynamical root growth 
Root systems have been shown to respond to spatially and temporally variable resources 
supply, e.g., water and nutrients (Dunbabin et al., 2004; Lynch and Brown, 2012). Root growth 
can be reduced at locations with severe water stress level (Smith and De Smet, 2012). 
This research thus can be further improved by considering the dynamic change of root 
architecture and the associated hydraulic properties in response to the spatiotemporal 
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heterogeneous soil environment. Although the current generation of models of root architecture 
has limitations in generating mature systems with large lateral spread (and its dynamical change), 
the improvement of the root architecture models is promising (Dunbabin et al., 2013). Several 
mechanisms can be included: root hair morphology, root exudation, cluster root growth, 
up-regulation of nutrient transport carriers, locally enhanced root proliferation (Dinkelaker et al., 
1995; Dunbabin et al., 2013; Lambers et al., 2011; Robinson, 2005; Zhu et al., 2010), root 
growth in response to objects and barriers in soil (Dunbabin et al., 2011; Leitner et al., 2010), 
and partitioning of carbon resources for root growth (Bidel et al., 2000; Nielsen et al., 1994). 
Such a “plastic response” of root systems allows the plant to (1) more efficiently capture mobile 
nutrients and local dry or wet spots of water resources (e.g., caused by local barriers in soil), and 
(2) minimize the metabolic cost of soil exploration by matching plant investment in root biomass 
and root function with resources supply in soil (Dunbabin et al., 2003; Lynch, 2007).  
Hopefully, recent developments of new imaging measurement techniques will facilitate 
more accurate parameterization of root architecture simulations. Some non-destructive methods 
include computed tomography (Flavel et al., 2012), neutron radiography (Oswald et al., 2008), 
magnetic resonance imaging (Schulz et al., 2012), and tomography in transparent gels (Clark et 
al., 2011).  
5.3.2 Water transfer from root collar to stem, leaf, and atmosphere 
There is another well-known physical process of a plant might mitigate transpiration besides 
the water transfer process in root system: stomatal control of leaves. In this study, the stomatal 
control was simplified as being triggered by a low water potential at the root collar. Partial or 
complete stomatal closure might happen during mid-day periods of high evaporative demands, 
so that plants can maintain certain water potential above a minimum threshold in the stem to 
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prevent cavitation. A more complete mechanistic understanding of soil-plant hydraulics on 
transpiration need to account for water movement within stem and leaves (Bohrer et al., 2005). 
The timing and magnitude of stomatal control depends on xylem structure of a species (e.g., ring, 
diffuse, and non-porous) (Thomsen et al., 2013). 
If a plant is considered as a one-dimensional vertical hydraulic path length        (positive 
upward), the water potential (𝜑𝑙     ) along the path can be obtained from (Brisson et al., 
1993): 
𝐶 𝜑𝑙 
𝜕𝜑𝑙
𝜕𝑡
 
𝜕
𝜕𝑙
[𝐾 𝜑𝑙 
𝜕 𝜑𝑙+𝑙 
𝜕𝑙
]  𝑆,                                              (5.1) 
where 𝐶 𝜑𝑙     
    is the stem xylem capacity, 𝐾 𝜑𝑙       
    is the stem xylem 
conductivity, 𝑆       is the transpiration sinks. The boundary condition is a weighted root water 
pressure or a surrogate soil water pressure.  
Moisture uptake from the soil by a root system provides water for transpiration, while soil 
water deficit acts to constrain fluxes through a control on stem xylem water potential 𝜑𝑙. As the 
root potential (𝜑 𝑜𝑜𝑡) becomes more negative (Blizzard and Boyer, 1980; Brisson et al., 1993), 
the stem xylem conductivity is reduced to guard against xylem cavitation (Sperry, 2000). The 
constrained stem xylem or leaf water potential can exert a control on the stomatal response and 
limit the actual transpiration rate (Bunce, 2004; Jones and Sutherland, 1991; Tuzet et al., 2003).  
Based on the one-dimensional physical representation of the aboveground tree 
hydrodynamics, Bohrer et al. (2005) represented a three-dimensional tree structure by including 
a branch angle conversion term to correct for the non-vertical branches. Janott et al. (2011) 
further extends the approach of Bohrer et al. (2005). They included the subsurface component by 
incorporating information on three-dimensional root architecture in one-dimensional plant 
root-xylem water flow model coupled to a one-dimensional water flow model (HYDRUS-1D, 
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Simunek et al, 2007). Janott’s model is an advanced method for computing the one-dimensional 
transpiration flux.  
The modeling framework developed in this research is capable to further include a module 
to consider the water transfer from the root collar and stem and leaf as continuous 
soil-vegetation-atmosphere unit, and at the same time solve for the resulting three-dimensional 
heterogeneity of soil moisture. 
5.3.3 Species-specific variations and implications of future climate change 
Climate change bringing about warmer temperatures and increased occurrence of seasonal 
droughts will overlap with forest succession process, altering species composition of forests 
(Bergen and Dronova, 2007; Hanson and Weltzin, 2000; Kirschbaum, 2000; Lewis et al., 2004; 
Shugart et al., 2003; Wolter and White, 2002). One projection of future climate is that by the end 
of the 21st century, Northern Michigan is projected to have a 20%~33% drier soil condition 
during growing seasons, as compared to 1961-1990, based on analysis of high/mid/low CO2 
emission scenarios (A2/A1B/B1) (Fatichi et al., 2011). Sustainable forest management for the 
region, such as mitigation and adaptation options and conservation plans, depends on robust 
understanding of the future species composition and abundance (Janowiak and Webster, 2010; 
Malmsheimer et al., 2008). Failure to accurately predict how species will respond to climate 
change may lead to ill-informed conservation plans to maximize species diversity and abundance, 
impacting billion-dollar forestry-related enterprises (e.g., timber production) as well as 
recreational opportunities, biodiversity, and life qualities of millions of people living in the 
region (Galik and Jackson, 2009; Lindenmayer et al., 2000). 
The new forest composition will be impacted by advantages of individual species in 
hydraulic responses to future drought conditions (Coomes and Grubb, 2000; Ewers et al., 2007; 
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Holmgren et al., 1997; Leuschner et al., 2001; Wullschleger et al., 2002). However, current 
regional ecohydrological models will not be capable of predicting species-specific hydraulic 
response to decreased water availability, as these models usually ignore inter-species variations 
and overly simplify the representations of tree architecture and hydraulics (Feddes et al., 2001; 
Hinsinger et al., 2009; Medvigy et al., 2008; Oleson et al., 2004a; Pitman, 2003; 
Rodriguez-Iturbe et al., 2007; Walko and Avissar, 2008). A model scheme can be proposed for 
future research (Figure 5.1a), that is able to incorporate those species-specific variations, in terms 
of tree canopy structures, root architectures, and hydraulic strategies (stomatal control, access to 
groundwater table, and etc.). The proposed future development can target the following question: 
which species are less likely to be water stressed and thus more successful in drier conditions of 
the future?  
 
 
Figure 5.1. A conceptual sketch of representations of inter-species variations in tree architecture 
and hydraulics by: (a) conventional, coarse-scale “big-leaf” approach in current models; (b) 
proposed mechanistic approach that considers tree-scale, species-specific root characteristics and 
biomass distribution differences.  
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Inferences from this possible future research to incorporate species-specific variations 
(Figure 5.1b) will significantly contribute to projections of future forest conditions in the Upper 
Midwest and the Great Lakes region, such as species mortality rate and abundance, carbon 
storage, wood production, water yields, and etc. The impacts will also extend beyond the 
implications for sustainable forests to sustainable crop production; the methodologies and 
modeling tools developed in this study can be easily adapted for agriculture applications (Blum, 
2005; Porter and Semenov, 2005). For example, the developed model can be used to assess 
drought-tolerance of economic crop species and efficiency of irrigation practices to maximize 
production for future generations in vulnerable regions (Schneider et al., 2010; Zegada-Lizarazu 
et al., 2012; Zhang and Oweis, 1999).   
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Table 1. Values of parameters used in the tRIBS+VEGGE at UMBS: soil properties, biomass storage variables, autocorrelation length of LAI 
and SM, and vegetation properties 
 
  Parameter Value Unit Source 
 
Ks, Saturated hydraulic conductivity 350     
   
 Soil θs, Saturated volumetric soil moisture  0.37  
3  3 
 Properties θr, Residual volumetric soil moisture 0.04 v/v Adjusted from the inverse routine results 
 
α, Shape parameters in Van Genuchten equation -0.0052      
   n, Shape parameters in Van Genuchten equation 1.68 --  
 
CpL-dry, Specific heat capacities of moist green biomass 3.218    
   𝐾   Gu et al. (2007) 
 
Cw,  Specific heat capacities of water 4.186    
   𝐾   
 
 
rL, Leaf water to dry mass ratio 1.5 -- Gu et al. (2007) 
Biomass Storage rn, Nongreen biomass water to dry mass ratio 0.7 -- Gu et al. (2007) 
Variables LMA, Dry leaf mass per area 40    2    𝑓  UMBS template 
  Magb-dry, Aboveground dry biomass 15921 g 
 2 ground  UMBS template 
Autocorrelation  Autocorrelation length of LAI 1.16 m Analyses from a 2-m LAI datasets over a 50 
Length 
   
50 m plot near the AmeriFlux tower  
    
(He et al., 2012a, in preparation) 
 
Autocorrelation length of SM 0.94 m Analyses from a 2-m SM datasets over a  
    
50 m plot near the AmeriFlux tower 
    
(He et al., 2012a, in preparation) 
 
Leaf reflectance in VIS band 0.1 -- 
 Leaf reflectance in NIR band 0.45 -- 
 Stem reflectance in VIS band 0.16 -- 
 Vegetation Stem reflectance in NIR band 0.39 -- 
 Variables Leaf transmission in VIS band 0.05 -- Calibrated by using the big leaf case 
 
Leaf transmission in NIR band 0.25 -- 
 
 
Stem transmission in VIS band 0.001 -- 
 
 
Stem transmission in NIR band 0.001 -- 
  Maximum catalytic capacity of Rubisco at 25 °C 47 μmol CO2 m
-2
 s
-1
 
 
 
Soil water potential threshold for stomatal closure -1 MPa 
 
 
Soil water potential threshold for wilting -7 MPa 
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Table 2. The average daily decrease of root-zone soil water storage ( 800 SWS ) at the four 
plots for each of the five interstorm periods. The superscript “*” signifies the lowest value 
among the four plots for each period.  
 
Periods Duration [day] 800
 SWS  [mm day-1] 
AAP AOP  FAP FOP 
a 19 2.30 2.56 1.95* 2.06 
b 18 2.19 2.48 2.01* 2.20 
c 28 1.76 1.90 1.60* 1.95 
d 9 2.03 2.68 1.41* 1.44 
e 10 1.27 3.02 1.20* 1.29 
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Table 3. Values of root hydraulic properties, scenario 1. 
 
Order 
(0-coarse; 
4-fine) 
Radius  
[mm] 
Radial  
Resistance  
[s] 
Radial  
Conductance 
[cm/day/cm] 
Axial  
Resistance 
[s/m3] 
Axial  
Conductance 
[cm4/day/cm] 
0 150 5.00E+11 1.73E-07 5.00E+06 172800 
1 80 1.00E+11 8.64E-07 1.00E+06 86400 
2 20 5.00E+10 1.73E-06 5.00E+07 17280 
3 5 1.00E+10 8.64E-06 1.00E+07 8640 
4 2 2.50E+9 3.46E-05 5.00E+08 1728 
  
Table 4. Values of root hydraulic properties, scenario 2: less conductive root system.  
 
 
Order 
(0-coarse; 
4-fine) 
Radius  
[mm] 
Radial  
Resistance  
[s] 
Radial  
Conductance 
[cm/day/cm] 
Axial  
Resistance 
[s/m3] 
Axial  
Conductance 
[cm4/day/cm] 
0 150 5.00E+12 1.73E-08 5.00E+07 17280 
1 80 1.00E+12 8.64E-08 1.00E+07 8640 
2 20 5.00E+11 1.73E-07 5.00E+08 1728 
3 5 1.00E+11 8.64E-07 1.00E+08 864 
4 2 2.50E+10 3.46E-05 5.00E+09 173 
 
171 
 
Table 5. Values of root hydraulic properties, scenario 3: more conductive root system.  
 
 
Order 
(0-coarse; 
4-fine) 
Radius  
[mm] 
Radial  
Resistance  
[s] 
Radial  
Conductance 
[cm/day/cm] 
Axial  
Resistance 
[s/m3] 
Axial  
Conductance 
[cm4/day/cm] 
0 150 5.00E+10 1.73E-06 5.00E+05 1728000 
1 80 1.00E+10 8.64E-06 1.00E+05 864000 
2 20 5.00E+9 1.73E-05 5.00E+06 172800 
3 5 1.00E+9 8.64E-05 1.00E+06 86400 
4 2 2.50E+8 3.46E-04 5.00E+07 17300 
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6.1 Calibration of soil moisture sensor (MiniTrase system, Soil Moisture Equipment 
Corp., Santa Barbara, CA, USA.)  
A sensor calibration curve was generated and is shown in Error! Reference source 
not found.. 
 
 
Figure 6.1. A relationship between soil moisture values estimated with the gravimetric 
method (y-axis) and readings obtained with the MiniTrase soil moisture system (x-axis): the 
measured data points (“Mea”); a fitted line (“Fit”): 19.106.1  xy ; and the 95% 
confidential interval of the fitted line (“95% CI”). The determination coefficient is 98.02 R , 
the root mean square error is 0.0076 [m
3
 m
-3
].   
174 
 
6.2 Calibration of optical precipitation sensor (Model 5.4103.20.041, Thies Clima 
GmbH., Göttingen, Germany) 
To simulate natural rainfall, two nozzle types (460.326.5E.BA and 460.368.17.BA, 
Venture Technology Groups Inc., U.S.A.) were used. The rainfall rates were simulated over a 
range of 0.003 to 1.0 [mm min
-1
]. The cumulative amounts of sprinkled water recorded by the 
optical sensor were compared to the actual water volumes collected in a container. A sensor 
calibration curve was generated (Figure 6.2). The sensor noise was filtered out from the 
observational data by using a threshold of 0.00105 [mm min
-1
], which was determined 
experimentally. 
 
 
Figure 6.2. A relationship between the output voltage of optical precipitation sensor (x-axis) 
and water volumes collected in a container (y-axis). Measured data are shown as points 
(“Mea: calibrate”). A fitted relationship (“Fit: calibrate”) converting the output voltage x (in 
mV) to rain flux rate y (in mm min
-1
) is )001880.0exp(000455.0 xy  , the determination 
coefficient of a log-linear fit is 92.02 R . The default equation (“Default”) was provided as 
)002306.0exp(000100.0 xy  . 
 
175 
 
6.3 Analysis of gravitational drainage at the depth of 300 cm 
At our sites, soil water contents between 100 cm and 300 cm were observed to be 
temporally uniform and unaffected by groundwater or changes of the position of capillary 
fringe. One dimensional dynamics at the depth of 300 cm were therefore assumed and 
primarily affected by drainage due to gravity. Drainage can be approximated as 
)(Kq  ,                 (6.1) 
2/15.0 ))1(1()( mms SSKK  ,                (6.2) 
 
where q [mm hr
-1
] is the drainage rage, )(K  [mm hr-1] is the unsaturated hydraulic 
conductivity, which is derived using the Van Genuchten  (van Genuchten, 1980) hydraulic 
parameterization; sK  [mm hr
-1
] is the saturated hydraulic conductivity; S [-] is the relative 
saturation [m
3
 m
-3
], and can be calculated as )/()( srS   , where r  [m
3
 m
-3
]  and 
s  [m
3
 m
-3
]  are residual and saturated soil water contents, respectively; m [-] is the shape 
parameter. The soil hydraulic properties sK , r , s , and m were derived from pedo transfer 
functions using percentages of sand, silt, and clay (Schaap et al., 2001); and equal to 297 [mm 
hr
-1
], 0.04 [m
3
 m
-3
] , 0.45 [m
3
 m
-3
], and 0.61 [-] respectively. 
As the soil moisture contents at the 300 cm depth during growing seasons were 
recorded to vary in the range of 0.04-0.08 [m
3
 m
-3
], a range of drainage rates was calculated 
to be in the range of 10
-8
 to 0.016 [mm hr
-1
]. Suppose a rainstorm period lasts for 24 hours 
(note that all rainstorm periods at UMBS lasted smaller durations), the possible maximum 
total drainage at the 300 cm depth is smaller than 0.38 mm. As compared to the total water 
storage in the 0-300 cm soil column, which varied from 100 to 300 mm (Figure 2.7), the 
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magnitude of such a drainage loss is smaller than 1%, which is negligible. 
The estimates of possible maximum total drainage by using other soil hydraulic 
parameterizations are small as well. For example, for the same range of soil moisture contents 
(0.04-0.08 [m
3
 m
-3
]), the Brooks-Corey parameters (Brooks and Corey, 1964; Rawls et al., 
1982) for sand result in a calculated maximum drainage rate of 0.11 [mm hr
-1
]. The 24-hour 
possible maximum total drainage at the 300 cm depth is smaller than 2.64 mm, which is still 
negligible compared with the magnitude of 0-300 cm soil water storage.  
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6.4 Biomass heat storage module 
Simulations carried out using the previous version of tRIBS + VEGGIE demonstrated 
that the peak of the simulated diurnal cycle of sensible heat lagged the observed peak. This 
issue was addressed by incorporating the biomass heat storage module. For a computational 
element where vegetation is present (referred to by the superscript “veg”), the energy balance 
equations for the vegetated part (referred to by the subscript “v”) and the under-canopy soil 
surface (referred to by the subscript “g”) are written in the same notation as in Ivanov et al. 
(2008a): 
0 vegv
veg
v
veg
v
veg
v
veg
v BEHLS 

, (6.3)  
0 GEHLS vegg
veg
g
veg
g
veg
g 

 
(6.4) 
 
where veg
vS

 and veg
gS

 [W m
-2
]  are the absorbed shortwave radiation by vegetation and by 
under-canopy ground, veg
vL

 and veg
gL

 [W m
-2
] are net longwave radiation fluxes for 
vegetation and for understory ground, which equal to the absorbed longwave radiation minus 
emitted longwave radiation (calculated from Stefan-Boltzmann law); vegvH , 
veg
gH  [W m
-2
] 
and vegvE , 
veg
gE   [W m
-2
] are the sensible and latent heat fluxes from vegetation or 
under-canopy ground; G  [W m
-2
] is the ground heat flux; and veg
vB  [W m
-2
] is the heat 
storage in vegetation biomass (metabolic biochemical energy storage is not considered in the 
current version of the tRIBS+VEGGIE model). The canopy and ground surface energy 
budgets (Equation (6.3) and (6.4)) constitute a system of equations that are non-linear 
functions of vegetation vT  and ground gT  [K] temperatures. The value of 
veg
vB  is 
computed using the following formulation (Gu et al., 2007):  
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)/)(( dtdTMCMCMCB vwpwnpnLpL
veg
v  ,        (6.5) 
where pLC , pnC , and pwC  [J g
-1
 K
-1
] are the specific heat capacities of moist leaf biomass, 
moist non-green biomass (e.g., stems and branches), and water, respectively;
 L
M , nM , and 
wM  
[g m
-2
 (ground)] are the densities of moist leaf biomass, moist non-green biomass, and 
water mass covering the biomass surface (e.g., dew, and rainfall interception), respectively. 
The pLC , pnC ,  LM , and nM  are computed as (Gu et al., 2007): 
)1/()( LpwLdrypLpL rCrCC   ,           (6.6) 
)0133.0000236.006191.0(100)1/()( nvnnpwndrypnpn rTrrCrCC   ,     (6.7) 
vdrypn TC 003867.01031.0  ,            (6.8) 
)1( LL rLMALAIM  ,             (6.9) 
)1)(( ndryn rLMALAIMM  ,           (6.10) 
where drypLC  and drypnC   [J g
-1
 K
-1
] are the specific heat capacities of dry leaves and dry 
non-green biomass; Lr  and nr  [-] are the ratios of water to dry biomass for leaves and 
non-green biomass, respectively ; LAI [m
2
 (leaf) m
-2
 (ground)] is the leaf area index; LMA [g 
m
-2
 (leaf)] is the dry leaf mass per unit leaf area; dryM  [g m
-2
 (ground)] is the total dry 
aboveground leaf and non-green biomass per unit ground area. The values of drypLC  , pwC , 
Lr , and nr  (Table 1) were assigned from Gu et al. (2007). The values of LMA and dryM  for 
the UMBS area (Table 1) were obtained from the Carbon Dioxide Information Analysis 
Center (http://cdiac.ornl.gov). 
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6.5 Element-scale heterogeneous radiative forcing due to the light shading and exposure 
effects 
The effect of light shading or exposure on a tree was accounted for by considering 
either “attenuated” or “surplus” components of shortwave irradiance. For shaded trees, an 
adapted version of Beer-Lambert law (Iqbal, 1983; Monsi and Saeki, 1953) was used to 
calculate attenuated radiation by neighboring trees that are located in the direction of the 
Sun’s azimuth. For exposed trees, a surplus radiation was estimated by comparing radiation 
that arrives at the crown surface in a spatially heterogeneous canopy setting or in a uniform 
canopy cover. By subtracting the attenuated (shaded tree) or adding the surplus (exposed tree) 
radiative energy to the above-canopy radiation, “effective” input shortwave radiation is 
computed. Using such adjusted radiation as the boundary condition at the canopy top, the 
energy transfer processes for each grid cell were further calculated with the tRIBS+VEGGIE 
model by using the two-stream approximation (Dickinson, 1983; Sellers, 1985).  
As the focus of the developed scheme is to parsimoniously approximate the effects of 
horizontally variable canopy heights on the light regime, for computational efficiency, the 
individual canopy in a given element was assumed to have a shape of a cuboid. The cuboid is 
characterized by a height equal to the crown height H, and by a width and a length, both of 
which were assumed to be equal to the grid size (i.e., 5 m). Other crown shapes (e.g., 
ellipsoid and cylindrical) could be also considered using alternative parameterizations of 
crown envelope and computations of shadow area or crown volume. Leaves and shoots and 
their inclination angles are assumed to be randomly distributed within each canopy envelope. 
The scheme differentiates the direct and diffuse radiation. The scheme is implemented at the 
hourly scale and used for each element within the domain.  
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The computational process to calculate the spatially heterogeneous radiation on 
individual trees considering the ‘shaded’ effect or the ‘exposure ‘effect of direct and diffuse 
radiation is shown in the Figure 6.3.  
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Figure 6.3. A flowchart to calculate the heterogeneous horizontal radiation on individual trees 
because of the ‘shaded’ effect or the ‘exposure’ effect of direct and diffuse radiations.  𝑐 [m] 
is the current considered tree height;  𝑢 [m] is the upstream tree height;  𝑢2 [m] is the 
secondary upstream tree height;      [-] is the tangent of sun solar angle; GS [m] is the grid 
size, equals to 5m in this case.  
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6.5.1 Direct radiation 
Determination of “upstream” trees 
According to the square grid configuration, each tree is surrounded by eight 
immediate neighbor trees. Consequently, eight azimuthal zones were defined (Figure 6.4) 
indicating a certain range of the azimuthal angle. At any given time, the Sun’s azimuthal 
direction corresponds to one of these azimuthal zones. The trees located in the zone of the 
Sun’s azimuthal direction are defined as the “upstream” trees and the nearest neighbor tree in 
this zone is the “immediate upstream” tree. 
 
Figure 6.4. A conceptual diagram of spatial relationship between a considered tree (the center 
grid cell), its immediate neighbor trees (denoted as numbers in grid cells), and eight 
azimuthal zones. An “immediate upstream” tree is located in the azimuthal zone of the Sun’s 
azimuthal direction. For example, if the Sun’s azimuthal direction is in zone 5, neighbor tree 
No. 5 is the immediate upstream tree. 
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6.5.2 Shading effect 
If a considered tree is relatively short, a part of the horizontal surface at the height of 
its canopy top (considered to be a 5 m   5 m area, hereafter referred to as the “canopy top 
surface”) can be shaded by the biomass of upstream trees. This situation is illustrated in 
Figure 6.5a. The shaded fraction f [-] of the canopy top surface is approximated as: 
)1),tan/(max( xHf 
, (6.11)  
,uc HHH   (6.12)  
  
where H  [m] is the difference between the considered tree height cH  [m] and its 
immediate upstream tree uH  [m]; tan  [-] is the tangent of the Sun’s solar angle   
[rad]; and x  [m] is the crown size of the considered tree, which equals to the grid cell 
size.  
The shaded fraction of the canopy top surface receives direct beam radiation that has 
passed through neighbor’s canopy biomass. This radiation ( tS  [W m
-2
] ) is calculated using 
the Beer-Lambert law (Monsi and Saeki, 1953): 
),exp( LADDkSS int   (6.13)  
 
where inS  [W m
-2
] is the above-canopy incident shortwave radiation (set equal to an 
observed value);  /)(Gk   [-] is the extinction coefficient, μ [-] is the sine of the Sun’s 
solar angle, )(G  [-] is the relative projected area of leaves in the direction of direct beam; 
D [m] is the path length of the radiation ray through the tree canopy; and LAD [m
2
 m
-3
] is the 
leaf area density of trees that attenuate the radiation ray (calculated as LAI [m
2
 m
-2
] of an 
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upstream tree divided by its tree height in unit in [m]). For computational efficiency, we 
assumed that upstream trees beyond the immediate upstream tree have the same canopy 
height and LAD as that of the immediate upstream tree. Within the shaded fraction of the 
canopy top surface (Figure 6.5a), transmitted radiation rays have traveled through different 
path lengths of biomass of upstream trees, and an average of the transmitted radiation over 
the shaded area ( tS  [W m
-2
]) is calculated as: 

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(6.14)  
 
where the integrals are solved analytically.  
The attenuated (either absorbed or scattered) amount of radiation by upstream trees 
( S  [W m
-2
]) is:  
.tinS S S    (6.15)  
   
The effective input direct radiation 
inS
~
 
at the canopy top surface for a shaded tree is 
calculated as the sum of unobstructed radiation within unshaded fraction and attenuated 
radiation within the shaded fraction: 
.)1(
~
SfSSfSfS intinin   (6.16)  
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Figure 6.5. A conceptual diagram for calculating effective direct beam and diffuse radiation 
inS
~
 for (a, c) a shaded tree and (b, d) an exposed tree. In the figure, 
inS  
is the above-canopy 
incident (a, b) direct or (c, d) diffuse radiation, 
cH  
is the height of the considered tree, 
uH  
is the height of the immediate upstream tree,
 s
H  is the average height of eight immediate 
surrounding trees, H  is the absolute height difference between 
cH  and uH , H  is the 
height difference between 
cH  and sH , tS  (shown as yellow dash line) is transmitted 
radiation that has been attenuated through biomass of immediate trees (the blue area in plot (a) 
and (c)) or by a virtual homogeneous layer (the blue area in plot (b) and (d)), f is the shaded 
fraction of the canopy top surface,   is the horizontal incident angle of transmitted radiation, 
R is the radius of a defined reference upper hemisphere. 
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6.5.3 Exposure effect 
 
If a given tree is taller than its immediate upstream tree, a section of a tree edge is 
exposed to direct beam radiation (Figure 6.5b) and this exposure is neglected in traditional 
models that assume a uniform canopy cover. As a result of exposure, the exposed tree edge 
receives higher radiation, as compared to a horizontally uniform canopy that has the same 
height and biomass density. In the latter situation, the tree edge is immerged in a virtual 
homogeneous layer (Figure 6.5b), direct radiation received by the tree edge is attenuated by 
canopy and transmitted radiation tS  is calculated using Equation (6.14). The “surplus” 
radiative energy S  is calculated using Equation (6.15). 
The effective direct beam radiation of an exposed tree is computed as: 
,
~
SfSS inin   (6.17)  
 
where f has the same expression as in Equation (6.11) but denotes the fraction of surplus 
radiation at the tree edge with regard to radiation received by the crown top.  As 
inS
~
 would 
be further used in the two-stream approximation as boundary condition, the way how 
inS
~
 
is 
calculated involves a crude assumption that the surplus radiation at the tree edge has the same 
effect on the within-canopy radiative transfer process as if it is at the canopy top surface. 
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Figure 6.6. The normalized element-scale effective (a) direct or (b) diffuse shortwave 
radiation (
inin SS /
~
) as a function of H  or H . In the figure, H  is the absolute canopy 
height difference between a considered tree and its immediate upstream tree, H  is the 
absolute average canopy height difference between the considered tree and its eight neighbor 
trees,   is the Sun’s solar angle. The blue symbols denote shaded trees, and the red symbols 
denote exposed trees. The plotted results were calculated following Equation (6.11) to 
Equation (6.17) using shown values of  , H , and H . 
  
(a) 
(b) 
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Figure 6.7. The Frequency Distribution (FD) of the element-scale canopy height differences 
( H , between a considered tree and its immediate upstream tree) for different Sun’s 
azimuthal aspects computed for the study domain. An azimuthal zone is denoted with the 
number in the upper left corner of each plot. The frequency distribution to the left/right of 
0H  corresponds to shaded/exposed trees.  
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6.5.4 Diffuse radiation 
Because of the hemispherical distribution of diffuse radiation, any immediate 
neighbor tree that is taller than a given tree would attenuate a certain fraction of diffuse 
radiation that comes from the upper hemisphere. One can approximate the attenuated fraction 
of diffuse radiation by the immediate neighbor trees as the total fraction of obstructed sky 
viewed from the center of a considered element at the height of canopy top. To calculate the 
attenuated fraction, a referenced upper hemisphere is defined (Figure 6.5c) with a radius R 
[m]: 
,4/2
2
xHR   
(6.18)  
,sc HHH   
(6.19)  
 
where sH  is the average height of eight immediate surrounding trees, H  is the height 
difference between the considered tree and sH .  
The fraction of the attenuated diffuse radiation with regard to the reference upper 
hemisphere is approximated as:  
./ RHf 
 
(6.20)  
                    
Transmitted diffuse radiation with a horizontal incident angle   [rad] arriving at the 
center of the shaded canopy top surface travels an averaged path length of sin/H . 
Assuming that diffuse irradiation is isotropic over the upper hemisphere, the average of 
transmitted diffuse radiation (with horizontal incident angles ranging from 0 to
)/2arctan( RH ) arriving at the center of the canopy top surface is approximated as: 
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
, 
(6.21)  
 
where the integral is approximated numerically using intervals of 90/ .  
The effective diffuse radiation 
inS
~
 for a shaded tree is calculated with Equation (6.16) 
but with values of f and tS  calculated using Equation (6.20), and Equation (6.21) for diffuse 
radiation.  
If a considered tree is taller than the averaged tree heights of surrounding trees, the 
exposure effect of diffuse radiation is accounted for by considering a surplus diffuse radiation 
received by its exposed tree area following the same concept as described in Section B.1.3. 
The effective input diffuse radiation at the canopy top surface 
inS
~
 for the exposed tree is 
calculated with Equation (6.17) but with values of f and tS  calculated using Equation (6.20) 
and Equation (6.21). The variables for the situation of exposure are illustrated in Figure 6.5d.  
6.5.5 Domain-scale average of direct and diffuse radiation 
Following the above procedures, instantaneous, element-scale effective direct beam 
shortwave radiation corresponding to a given Sun’s solar angle   is a nonlinear function of 
the canopy height difference between a considered tree and its immediate upstream tree (a). If 
an exposed and a shaded tree have the same absolute canopy height difference ( H ) with 
respect to their respective immediate upstream trees, the average of their calculated effective 
input shortwave radiation equals to the above-canopy radiation (defined in Section 3.1).  
At the domain scale, the average of the element-scale effective direct beam shortwave 
radiation is mathematically equal to the above-canopy radiation if exposed trees have a 
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similar frequency distribution of H  as that of shaded trees. For a forested domain such as 
the one used in this study, such a similarity is indeed observed (Figure 6.7) for any instant 
hour. As a result, the domain-scale average of adjusted shortwave radiation for the UMBS 
site nearly equals to the observed radiation for a horizontal plane, with a difference smaller 
than 1% for each simulated hour. 
For diffuse radiation, a nonlinear relationship exists between the effective input diffuse 
radiation and the average canopy height difference ( H ) between a considered tree and its 
eight immediate neighboring trees (Figure 6.6b). As the direction of incident diffuse radiation 
is hemispherically isotropic, the frequency distribution of H  for exposed or shaded trees 
is constant in time. Within the study domain, exposed trees result in a frequency distribution 
of H  similar to that for shaded trees (Figure 6.8). The domain-scale average of the 
element-scale input diffuse shortwave is very close to the observed radiation for a horizontal 
plane, with a difference less than 0.2%.  
 
Figure 6.8. The Frequency Distribution (FD) of the element-scale average canopy height 
difference H  computed for the study domain. The frequency distribution to the left/right 
of the line of 0H  corresponds to shaded/exposed trees. 
  
192 
 
6.6 Five study root network used in the simulation 
   
Figure 6.9. The spatial distribution of root nodes (blue dots) in the five root networks used in 
the simulation. For the purpose of demonstration, all the root networks were shown with a 
lateral spread of 20 m. 
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6.7 Sensitivity of Kcomp to hydraulic properties of the root system 
Besides the set of hydraulic properties shown in Table 3, two more scenarios 
representing less or more conductive root systems were considered (Table 4 and Table 5), 
and the value of Kcomp is shown to be positively related to the conductivities of the root 
system (Figure 6.10 and Figure 6.11).  
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Figure 6.10. The relationship between compK  and (a) lateral spread of the root system or (b) 
the DBH of the trees for the five root networks with hydraulic properties in Table 4, which 
represents less conductive root systems. Different color indicates the scenarios of lateral 
spread (Section 4.6.1): blue indicates small scenario of lateral spread; red indicates 
benchmark scenario of lateral spread; and cyan indicates large scenario of lateral spread. 
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Figure 6.11. The relationship between compK  and (a) lateral spread of the root system or (b) 
the DBH of the trees for the five root networks with hydraulic properties in Table 5, which 
represents more conductive root systems. Different color indicates the scenarios of lateral 
spread (Section 4.6.1): blue indicates small scenario of lateral spread; red indicates 
benchmark scenario of lateral spread; and cyan indicates large scenario of lateral spread. 
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